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ABSTRACT 
The upland of central New England is a rural and mostly forested 
region subject to the pressures of urban expansion. The majority of 
the soils in this region are underlain within 1 m by glacial till or 
by bedrock. The physical, chemical, and especially the hydraulic 
characteristics of these till soils have not been studied extensively. 
Such information is needed in the assessment of the environmental 
impacts of urbanization on this region. This investigation was 
conducted to provide quantitative information about key hydraulic 
properties of three till soils common in the upland of central 
Massachusetts and to qualitatively identify potential pathways for the 
movement of soil water and possible contaminants through these soils. 
A Canton-Scituate-Ridgebury hydrosequence along a west-facing 
slope of a drumloidal hill in west-central Massachusetts was chosen 
for study. This hillslope is underlain by bedrock upslope at a 
moderately shallow depth, a coarse-textured till layer overlying 
bedrock in the footslope area, and by compact, finer-textured till at 
the toeslope position. Water table depths, soil-moisture tensions, and 
soil-water dissolved oxygen contents were measured over a two-year 
period. Detailed field descriptions of soil mottling patterns and 
determinations of various physical and chemical properties were 
related to the field measurements of soil moisture regimes. Saturated 
hydraulic conductivity, vertical (K^) and horizontal (Kh), was 
determined using the Cube Method and flow patterns within the cube 
samples were assessed by using methylene blue dye. 
Water tables remained below 145 cm in the Scituate soil and were 
observed above 220 cm only after large storms, whereas in the Canton 
soil further upslope no water tables were observed. The lack of 
measurable water tables upslope was due to substrata that were 
sufficiently permeable (ICy, > 0.84 and > 3.3 cm/h) to allow 
relatively deep percolation of water downwards and then, downslope. 
In the toeslope area this lateral movement of groundwater slowed due 
to the lower horizontal permeability (K^ < 1.3 cm/h) of the finer- 
textured and more compact soils there. The impedence of lateral flow 
and the decrease in gravitational head in this area resulted in water 
tables in the Ridgebury pedon that remained between 50 and 130 cm for 
most of the year. However, the presence of joints and sand lenses 
within and tile drains on top of the Ridgebury pan kept perched water 
tables from forming. 
Measured values of soil-moisture tension in the Ridgebury pedon 
remained between -5.0 and 10.0 kPa and in the Scituate and Canton 
pedons, between 3.0 and 15.0 kPa for much of the year, except during 
the summer months. The wet soil conditions present below 45 cm in the 
Ridgebury pedon are expressed by the highly mottled appearance of this 
soil between 47 and 88 cm, indicative of periodic reducing conditions 
during the growing season. Iron reduced in the saturated to near- 
saturated Ridgebury substratum appeared to migrate upward into the 
more oxidized, unsaturated subsoil, driven by a nearly constant, 
upward soil-water potential gradient. The presence of low-chroma 
mottles in the Canton and Scituate subsoils is due to long-term 
conditions of near-saturation arising from the presence of underlying 
v 
horizons of coarser texture. When unsaturated, these coarser-textured 
layers impede the downward movement of soil water. 
Preferential flow can be expected to occur in the Ridgebury 
soil because it is loamier and stays wetter than the soils upslope. 
This is evidenced by the dye-staining of macropores in the cube 
samples and by gradients of soil-water potential that remained upwards 
even during and after most large storms. A l^iK^ ratio of 9.4 to 1 in 
this soil, as compared to ratios of 1.2 and 1.3 to 1 in the Canton and 
Scituate soils, respectively, is indicative also of the potential for 
preferential flow. In contrast, in the substrata of the Scituate and 
Ridgebury pedons > K^. at ratios of 4.0 and 8.3 to 1, respectively, 
due to the presence of horizontally-trending sand lenses and 
interconnected vertical joints. 
Based on these findings, contaminants from wastewater, 
pesticides, and other compounds have the greatest potential to reach 
the groundwater in the toeslope area, because of the relatively 
shallow water tables and the high probability of by-passing via 
macropores. 
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CHAPTER I 
INTRODUCTION 
The pressures of urbanization in New England have led to the 
increasing development of rural areas. In coastal cities of the 
region such as Boston, the continued growth of population and industry 
has pushed land development progressively further from its center, 
often into the forested upland. Urban sprawl in major valleys such as 
the Connecticut River Valley has encroached onto agricultural land as 
well. As can be expected, with the increase of population and 
industry comes an increase in the amounts of liquid and solid wastes 
generated. Though anticipated by some, the rate of increase of the 
volume of wastes produced appears to have exceeded our expectations 
and the means and space to dispose of it all. In New England, the 
pressing need for solid-waste disposal sites, in particular, has 
reached a crisis point, with many landfills expected to be filled to 
capacity within the next ten years. 
Concurrent with the urgent need for waste disposal sites is an 
increase in incidents of ground-water pollution and the publics' 
awareness of it. Some liquid and solid waste disposal sites, once 
believed to permanently contain their contents, are now known to leak. 
This is particularly so in areas of ample rainfall such as New 
England, where incidents of ground-water pollution from landfill 
leachate are common (Commw. Mass., 1981). This problem is significant 
in Massachusetts where approximately 25% of the potable water comes 
from the ground water (Commw. Mass., 1978). As a result, state and 
1 
federal legislators have initiated measures to control or regulate the 
kinds of chemicals being released directly or indirectly into the soil 
and to identify and set forth environmental conditions that mitigate 
against chemical transport (Commw. Mass., 1981; Nielsen et al., 1986). 
However, the processes of chemical transport and water movement in the 
surficial deposits of this region are still far from being well 
understood. 
The heightened public awareness of the potential hazards 
associated with the disposal of liquid and solid wastes has 
exacerbated an already difficult site selection process. In the past, 
landfill sites in New England were situated away from populated areas 
on less desirable parcels of land such as low-lying wet areas or in 
coarse-sandy outwash deposits. Ironically, these locations were later 
found to be among the least suitable sites for waste disposal due to 
inadequate attenuation of the leachate. Current regulations in all 
six New England states require the presence of a suitable, 
unsaturated, buffer zone between the bottom of any disposal site, 
municipal or domestic, and the highest ground-water level anticipated 
(J. Male, 1987, personal communication). Deep, well-drained soils are 
best suited for domestic wastewater disposal but their geographical 
extent is limited and, moreover, most have already been utilized. 
Thus, the area available often is in land that is less than optimum as 
regards drainage. Landfills also are best placed in soils that are 
deep and rarely saturated but, in contrast to septic systems, the 
soils for this use are preferably very slowly permeable. 
The potential for the contamination of ground water by seepage 
from landfills, septic systems, and other sources is enhanced in areas 
2 
with seasonally or permanently high water tables. In such situations, 
as the distance between the bottom of the disposal site and the water 
table lessens, the retention time for contaminants decreases and so 
does the ability of the soil to adequately purify the wastes. 
Furthermore, if the water table rises above the bottom of the disposal 
site, the pollutants are able to directly enter the ground water 
unattenuated. Thus, a detailed knowledge of the soil moisture regime, 
the changes in moisture content in a soil over the course of a year, 
prior to establishing a disposal facility or system, is an essential 
step in the site selection process. Knowledge of the soil moisture 
regime is important also in assessing the suitability of soils for 
homesites and roads and in assessing the need for artificial drainage. 
Soil morphological information, soil mottling patterns in particular, 
is a qualitative but commonly used means to obtain this knowledge. 
More specific and quantitative information regarding the physical and 
hydraulic characteristics of the deposits of a potential site is 
usually necessary, however, such information generally is lacking. 
In the upland areas of New England, the majority of soils are 
underlain within 1 m by glacial till or by bedrock where the till is 
absent. Many soils of the uplands are underlain also by a hardpan, 
which- is usually associated with the till deposits. Most till 
subsoils and essentially all hardpans are dense layers with relatively 
high bulk densities and low porosities. Consequently, these subsoil 
layers are slowly to very slowly permeable, often resulting in the 
ponding of water above these layers during wet periods (Gile, 1958; 
Bouma, 1983a; Pickering and Veneman, 1984). Also, the presence of 
these slowly permeable deposits on hillslopes, underlying soils that 
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are typically more permeable, leads to the oft-noted occurrence of 
lateral flow over these subsoils (Gile, 1958; Bornstein, 1964; Patric 
and Lyford, 1980; Veneman and Bodine, 1982; and Leonard et al., 1984). 
However, exactly where, when, and to what extent the perching and 
lateral flow of ground water occur is often conjectural due to lack of 
specific information concerning the hydraulic properties of tills and 
hardpans in New England. For example, it is often assumed that dense, 
compacted subsoils of till or hardpan are essentially impermeable, 
serving as barriers to the passage of significant amounts of water 
and, thus, of contaminants. Yet, it is becoming increasingly evident 
that these "impermeable layers" have a significant fracture porosity 
that often allows the relatively quick passage of water and 
pollutants, acting as a "short-circuit" to the permanent body of 
ground water beneath (Williams and Farvolden, 1967; Grisak et al., 
1976; Follmer, 1984; Dabney and Selim, 1987). The presence and extent 
of these fractures, or joints, needs to be evaluated and taken into 
account during the selection process for waste disposal sites. 
The "short-circuiting" of water and contaminants has more 
commonly been studied in soils, where it is also described by terms 
such as "preferential flow" or "by-passing." It is most likely that 
preferential flow in the sandy soils of New England occurs principally 
in large, non-capillary pores formed by plant roots and soil fauna 
(biopores). These biopores are especially abundant in forest soils 
(Gaiser, 1952; Aubertin, 1971; Beven and Germann, 1982) and should 
likewise abound in the forested uplands of New England. When present, 
biopores provide a potential pathway whereby polluted waters may 
effectively by-pass the attentuative capacity of the soil matrix, 
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increasing the chances for ground water contamination. This 
phenomenon is particularly important in New England where the soils 
are relatively shallow. 
Physical models used to predict the movement of contaminants 
through soils often do not incorporate the presence of preferential 
flow paths, resulting in predictions that are often inaccurate and of 
limited utility. Even if the authors of these models realize the 
importance of preferential flow, quantitative information regarding 
the conditions necessary for its occurrence is scant at best. 
Quantitative information about other hydraulic properties of soils and 
tills for use in solute-transport models, particularly saturated and 
unsaturated hydraulic conductivity values (Nielsen et al., 1986), is 
also lacking. 
The general goals of the present study are to provide 
quantitative information about certain, key hydraulic properties of a 
number of soils that are common in the upland of central Massachusetts 
and to qualitatively identify potential pathways for the movement of 
soil water and possible contaminants through these soils. The 
specific objectives of this study are: 
1. To measure moisture regimes in a hydrosequence of soils common to 
central Massachusetts; 
2. To determine the hydraulic and related physical properties of the 
soils in this hydrosequence and to evaluate their influence on 
the incidence of seasonally wet soil conditions and lateral flow; 
and 
3. To determine flow patterns in these soils when saturated, to 
assess the amount of by-passing that occurs. 
5 
CHAPTER II 
LITERATURE REVIEW 
Surficial Geology 
The New England landscape is predominantly hilly and mountainous. 
It is to a great extent controlled by the structure and lithology of 
the underlying bedrock. This dominant influence of the bedrock on the 
topography of New England was clearly evident during the late 
Wisconsinan glaciation, with glacially eroded bedrock particles most 
likely comprising the bulk of the deposits (Flint, 1971; Mulholland, 
1976) and with areas of high relief governing the course of 
deglaciation when the majority of deposition occurred (Boulton, 1972; 
Goldthwait, 1974). The most extensive of the deposits laid down 
during this, as well as earlier glaciations, was glacial till. The 
wide extent of this deposit is particularly evident in the Central 
Highlands of New England (Fig. 1), where the present study was 
conducted. An account of late Wisconsinan glacial activity in this 
region follows, with an emphasis on the stratigraphy and physical 
characteristics of the glacial and postglacial deposits of the region, 
especially as they influence the movement of water. 
Glaciation 
It is now generally accepted that in New England at least two 
major glaciations occurred within the Wisconsinan stage: one early 
6 
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Fig. 1. Physiographic map of New England (from Denny, 1982). 
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and one late (Koteff and Pessl, 1985). They are separated by a major 
interstade of uncertain length, during which the surficial deposits 
and bedrock were weathered but to a much shallower depth than during 
the long interstade preceding the Wisconsinan stage (Feininger, 1971; 
LaSalle et al., 1985). The subsequent, late Wisconsinan glaciation 
caused some erosion of surficial deposits and of both weathered and 
fresh bedrock, particularly from the tops of ridges and hills (Newton, 
1978). In central Massachusetts, Caggiano (1978) reported that within 
the Belchertown quadrangle most of the erosion of bedrock from upland 
ridges was accomplished by glacial ice plucking rock fragments from 
the lee side of bedrock knobs. In some areas, whether substantially 
eroded or not, the shear forces imposed on the tills by the overriding 
ice were sufficient to cause their deformation, resulting in features 
ranging from small-scale dikes injected with sand or clay to large- 
scale overthrust and recumbent folds (Newton, 1978). In other areas, 
the shear zone is observed as a zone of well-layered, contorted, fine 
to medium sand as much as 50 cm thick, overlying distinctly truncated 
lower till (Koteff and Pessl, 1985). 
The greater erosion, and in many cases the complete removal of 
material from the higher elevations, left a less extensive and 
discontinuous distribution of older till deposits behind. In many 
instances, what remains of these deposits has been truncated to an 
unknown degree. An exception to the above erosional trends is the 
drumlin, the majority of which appear to have been present prior to 
the last glaciation and escaped significant alteration due to their 
streamlined form (Newton, 1978). Stone and Peper (1982) concur with 
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this observation of minimal late Wisconsinan erosion of drumlins and 
add that "the last ice sheet during its waning stages eroded and 
remolded the upper few meters of the older till and deposited clasts 
of the older till within a mixed till zone as a skin around the pre¬ 
existing drumlin core." 
Deglaciation 
After the glacial maximum at about 18,000 yrs B.P. (Hughes et 
al., 1985), climatic warming increased the melting rate along the 
southern margins of the Laurentide Ice Sheet and consequently, the 
glaciation entered a period marked by increased deposition. The mode 
of ice retreat in the Central Highlands and other areas of moderate 
relief in New England was most likely different from that which 
occurred in major valleys and along the coast (Black, 1982; Stone and 
Peper, 1982; Goldthwait and Mickelson, 1982). Black (1982) offers the 
following possible scenario of events during this period of 
deglaciation: 
During the waning of the late Wisconsinan ice sheet in 
northeastern North America a condition was reached wherein 
the highlands between the St. Lawrence lowland of Canada and 
northern New England became a major barrier to the southward 
flow of ice. Internal movement or activity of the ice over 
New England was much reduced compared with the time of its 
maximum extent. Ice continued to flow southward down major 
drainageways and down to southeast regional slopes. Ice in 
highland areas with irregular topography became very 
sluggish in general with little flow or resupply.... During 
continued thinning, topographic barriers to flow increased 
in number and importance, isolating increasing numbers of 
basins from resupply. Stagnation probably progressed 
rapidly throughout the region...Large basins so isolated 
still contained sufficient ice to flow a few meters per year 
for decades. However, this is not active ice in the sense 
of doing much work. Surface gradients on such ice masses in 
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the valleys became exceedingly gentle, while the adjacent 
ridges became nunataks. 
Based on their studies of retreating glacial margins in Alaska, 
Goldthwait and Mickelson (1982) suggested that the exposure of 
nunataks in the uplands of New England continued until the last low 
top was exposed. Also, these authors observed meltwater streams in 
Alaska emerging from a crevasse or glacier cave against the newly 
exposed valley side, flowing against or just under the convex ice 
surface, and carrying water along the contour rather than directly 
downhill. They state also that most of the channels of these streams 
were cut into till, though some penetrated bedrock, and that they were 
present most often on the lower half of hillslopes. Interestingly 
enough, the occurrence of meltwater streams flowing marginally along 
wasting ice masses within a basin was suggested by A.L. Washburn (in 
Lyford et al., 1963) as the causative agent for the formation of 
short, steep slopes (called "scarps") that are present along the lower 
slopes of a drumloidal hill in the Harvard Forest in central 
Massachusetts. 
The till first deposited from the stagnating ice masses after the 
glacial maximum originated from material released from the debris-rich 
basal ice. It is likely that relatively small, discontinuous bodies 
of melting, stagnant ice were present under the still-active glacier 
sole, producing small cavities into which debris fell, as Boulton 
(1970) has observed under certain glaciers in Svalbard. According to 
this author, as the thickness of active ice thins and its movement 
slows during ice retreat, larger masses of debris-rich ice are 
overridden and melt-out tills are deposited. Boulton (1970) also 
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found that these bodies of melting stagnant ice typically occur on the 
up-glacier side and flanks of a bedrock obstruction and that on 
melting, a rock-cored drumlin or drumloidal hill might result. 
Similar rock-cored features were suggested by Alden (1924) as 
underlying many of the lateral or terminal (down-ice) slopes of ridges 
in central Massachusetts, that often appear as drumlins. Likewise, in 
the coastal region of Maine, Thompson (1982) observed that bedrock 
outcrops occur on the south ends of many drumlins and drumlinoids. 
Deposition during periods of deglaciation is marked by great 
variability in time and space (Boulton, 1971; Haldorsen and Shaw, 
1982). These authors attribute much of this variability to the varied 
degree of post-depositional modification by glacial meltwater and to 
the possibility of having two or more types of glacial deposition 
operative within close proximity or within a relatively short span of 
time. In New England, the resulting deposit, commonly referred to as 
upper till, is consequently quite variable spatially and evidences a 
greater involvement of water in its deposition than the older till, 
which underlies it (Pease, 1970; Pessl, 1971). The older till was 
presumably just as complex and variable a deposit prior to its being 
overridden by late-Wisconsinan ice, but as of yet, only the basal 
lodgement facies has been identified (Koteff and Pessl, 1985). 
Mulholland (1976) has suggested that the deposits formerly overlying 
the older till were eroded by the ice sheet and subsequently 
incorporated into the upper till. 
11 
Central Highlands Till Stratigraphy 
The upper till deposit (also called "new" or "younger" till) is 
thought by most geologists to be divisable into at least two facies: 
a subglacially deposited basal facies, which includes melt-out and 
lodgement tills, and an ablational facies, deposited superglacially 
(Koteff and Pessl, 1985). The basal facies may contain discrete 
pieces or lenses of oxidized lower till, while the ablational facies 
often shows abundant evidence of waterlaid deposits (Koteff and Pessl, 
1985). Although two or more* facies of upper till exist, much of the 
literature regarding till deposits in New England, particularly the 
older literature, does not distinguish between facies when contrasting 
the upper and lower till units. Similarly, the general term 'upper 
till' as used hereafter will encompass all facies, unless otherwise 
noted. 
The occurrence of upper till is ubiquitous over the New England 
landscape, with 10 to 15-m thick deposits common, especially in the 
northern states (J. Hartshorn, 1987, personal communication). In the 
Central Highlands of Massachusetts, upper till deposits of 3 to 5-m 
thickness are more typical, with thinner deposits of this till 
occurring as a veneer on the crests and upper slopes of most ridges 
and hills (Alden, 1924; Caggiano, 1978). On drumlins, Pessl (1971) 
observed in western Connecticut, that upper till overlies lower till 
in some drumlins, either as a collar of till around the drumlin flanks 
or as a continuous, thin mantle covering the entire drumlin. 
*Pessl (1971) and Newton (1978) list three possible facies: lodgement, 
subglacial ablational, and ablational. 
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When the upper and lower tills occur together (except when 
greatly folded), their stratigraphic positions are always consistent: 
upper till always overlies lower (Pessl, 1971). From observations 
along a 17-mile-long (by 8 to 15 ft deep) pipeline trench in east- 
central Connecticut, Pease (1970) concluded that: "The lower till is 
most extensively exposed and probably thickest on hillsides where 
bedrock is not exposed...[where it] generally smooths out 
irregularities in the bedrock topography. The upper till forms a thin 
veneer on bedrock and lower till." This relationship of bedrock and 
till is quite typical of the rest of the Central Highlands section of 
New England (J. Hartshorn, 1987, personal communication). 
Physical Characteristics and Variability of the Two Tills 
The upper and lower tills of New England are usually 
differentiated on the basis of their physical characteristics. 
Initially, separation was based on stratigraphic position and on 
differences in weathering and texture (Koteff and Pessl, 1985). Other 
characteristics used more recently include structural relationships at 
the contact between the two tills (Newton, 1978) and differences in 
color and stone content (Caggiano, 1978). The main purpose of most of 
these efforts was to identify the tills as products of distinct or 
separate glaciations. The emphasis in the present investigation is on 
the hydrologic aspects of the tills and so, only those characteristics 
of each till will be listed that have a bearing on the passage of 
water. A compilation of these characteristics in condensed form is 
given in Table 1. 
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One of the most important hydraulic properties is permeability. 
It was omitted from Table 1 because measurements of this property as a 
means to distinguish between till types in New England are rarely 
conducted. One exception, although limited in scope, is hydraulic 
conductivity (K) data of Leonard et al. (1984), obtained from the 
Caldwell Creek drainage basin in west-central Massachusetts. Mean K- 
values for upper till (from ten wells) of 5.1 x 10 ^ cm s ^ and for 
lower till (from one well) of 5.1 x 10 cm s ^ were measured using 
the bail test method. 
The physical characteristics of glacial till are highly variable 
(Flint, 1971; Goldthwait, 1971; Dreimanis, 1976). As Dreimanis (1976) 
explains: "this variability is caused not only by the variety of 
rocks, minerals, and reworked sediments of which till is composed but 
to an even greater degree by the various ways in which these materials 
have been incorporated in or on a glacier; by the way in which they 
have been transported and what happened to the debris during this 
transport; and particularly how they were deposited as till." Another 
factor, post-depositional changes, also contributes to till 
variability. 
Post-depositional Alterations of Till 
After undergoing subglacial modifications, glacial till is 
subjected to further alterations in its properties that are non¬ 
glacial in origin. Boulton and Paul (1976) list the processes mainly 
responsible for these post-depositional alterations of till as: (i) 
changes in grain-size composition by the removal of fines by 
percolating water, (ii) fluctuations of natural moisture content due 
to a changing water table, and (iii) intense freezing and thawing. 
The downward percolation of fines has been observed by Boulton 
and Dent (1974) to begin prior to the disappearance of glacial ice 
from an area and to continue for a time thereafter, proglacially. 
Fines removed from the uppermost 10 to 20 cm of the sandy till in 
their study were impeded by a lower, more compact (unsheared) 
lodgement layer having platy structure. The influx of predominantly 
silt-sized particles into the upper part of this compact layer was 
suggested by these authors as a more likely mechanism for the 
formation of "indurated" (fragipan) horizons than the permafrost 
mechanism proposed by Fitzpatrick (1956). The removal of fines from 
the upper part of till deposits by post-depositional leaching has also 
been suggested by Caggiano (1978) and Newton (1978) as being the 
primary reason for the 'coarsening upward' character of much of the 
upper till of this region. Post-depositional alterations of till due 
to changes in the water table can lead to the overconsolidation of the 
upper horizons of recently exposed till and to the subsequent 
formation of joint planes, in addition to those already present 
(Boulton and Dent, 1974; Boulton and Paul, 1976). Lastly, mention of 
those post-depositional changes due to periglacial activity in New 
England should follow some initial remarks as to the climate that 
existed immediately after deglaciation. 
By many accounts, the climate of the early postglacial period in 
New England (c. 14,000 to 13,000 B.P.) was periglacial (Bryan, 1949; 
Schafer and Hartshorn, 1965; Flint, 1971; Davis and Jacobson, 1985), 
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yet there is considerable doubt amongst most of these authors as to 
the existence of permafrost in this region during the Pleistocene, 
especially in regions of moderate to low relief (see also Gustavson 
and Boothroyd, 1987). The fundamental factors controlling the 
processes of periglaciation are intense frost action and a ground 
surface that is free of snow cover for part of the year; therefore, 
permafrost or nearby glaciers are not necessary for these processes to 
function (Ritter, 1978). Bryan (1949) noted that frost-action in the 
periglacial zone during the Pleistocene may have been much more 
intense than in most of the present arctic. Similarly, Budel (1959) 
pointed out that the periglacial zone of the last glaciation in the 
middle latitudes was characterized by higher angle sun and greater 
insolation, thus promoting more rapid snow melt, a greater depth of 
seasonal ground thaw, and possibly a greater drying out of the ground 
in the late summer. 
If a fairly intense periglacial climate existed at the close of 
the late Wisconsinan glaciation in New England, then the following two 
post-depositional alterations of till can be expected to occur in the 
near-surface layers of till in the Central Highlands: (i) structural 
changes due to freeze-thaw, and (ii) the lateral remolding of surface 
layers on hillslopes due to gelifluction processes. Freeze-thaw can 
affect both subglacial and supraglacial tills, often leading to the 
formation of a close network of sub-vertical joints with a polygonal 
surface pattern (desiccation is also a factor here) and to the 
formation of closely spaced, horizontal fissures in the surface 
horizons of newly exposed till (Boulton and Paul, 1976). 
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Relatively extensive gelifluction features (involutions, 
solifluction lobes, and boulder stripes) have been observed in the 
Harvard Forest of central Massachusetts by Stout (1952) and Lyford et 
al. (1963). Further west in Massachusetts, a colluvial layer of 
unspecified origin was observed by Veneman and Bodine (1982) along the 
lower slopes of a drumlin in Amherst, MA. However, the common 
occurrence of gelifluction features in areas of moderate to low relief 
in New England is not uniformly agreed upon. Flint (1971) sees the 
extent of late-Pleistocene periglacial activity in this region as 
limited due to its maritime climate and, as he perceives it, the 
relatively rapid revegetation following deglaciation, while Schafer 
and Hartshorn (1965) list gelifluction deposits among rare periglacial 
phenomena. 
Soil Formation 
The final episode of late Pleistocene glacial/periglacial 
activity in New England was the deposition of aeolian material over 
much of the landscape. Aeolian material consisting predominantly of 
coarse silt to fine sand is particularily extensive in southern New 
England, with deposits of 1 to 1.5 m considered common (Schafer and 
Hartshorn, 1965). In areas of higher relief and less extensive drift, 
the aeolian material is less extensive and thinner, and where present 
may lose its identity by mixing with underlying drift and by soil¬ 
forming processes (Schafer and Hartshorn, 1965). The inverse 
relationship between the thickness of the aeolian deposit and the 
degree of mixing, or pedoturbation, with the underlying materials has 
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been observed by other authors as well (Ritchie et al., 1957; Lyford 
et al., 1963; Fletcher, 1979). 
The effect of these ongoing soil-mixing processes is in nearly 
every situation one of adding coarser particles from the till to the 
overlying aeolian materials, thereby introducing textural variability 
into what was initially a homogeneous deposit. Pedoturbative 
processes, although dominant, are not the only forces effecting 
particle-size differentiation in the soils of New England. Other 
factors of importance include eluvial and illuvial processes and, at a 
more local scale, the various perturbations in soils arising from the 
influence of man. 
Generally speaking, the genesis of soils in New England since 
deglaciation occurred under a nearly continuous forest cover 
(Pritchett, 1979). Consequently, wind-throw of trees has played an 
important role during the post-glacial period in mixing aeolian 
deposits with coarser materials added from the underlying till by 
congelliturbation (Lutz and Griswold, 1939; Stout, 1952). The 
pedoturbative activities of soil fauna and plant roots also played 
significant roles in the mixing of parent materials in these soils 
(Lyford, 1963; Hole, 1981; Johnson et al., 1987). A by-product of the 
redistribution of soil materials by tree-throw, soil fauna, and plant 
roots is the formation of voids. The activities of roots and animals, 
in particular, often leave voids (biopores) that are considerably 
larger and more continuous than the packing voids of the soil matrix. 
The importance of these biopores to soil water movement is thoroughly 
discussed in a review paper by Beven and Germann (1982). 
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The redistribution of soil particles by eluviation and 
illuviation in certain fragipan soils of the Northeast, has been 
suggested by a number of authors to lead to the formation of bisequal 
profiles (Hill and Gonick, 1963; Miller et al.f 1971; De Kimpe et al. , 
1976). Miller et al. (1971), based on data from fragipan soils formed 
in loamy glacial till in Ohio, attributed the formation of the eluvial 
(E') horizon at the fragipan surface of some of these soils to the 
eluvial action of relatively large volumes of subsurface runoff there. 
The displaced clay from this horizon was observed to migrate downwards 
to coat the various joint faces of the fragipan. 
The changes brought about by man can be substantial and 
relatively rapid compared to other redistributive forces (Bidwell and 
Hole, 1965; Yaalon and Yaron, 1966). Furthermore, "man's manipulation 
of the soil does not affect only one or a few properties, but results 
in a simultaneous variation and an interrelated chain of changes of 
many soil parameters" (Yaalon and Yaron, 1966) . An example of the 
influence of man on the formation of many of the soils of New England 
is in the clearing and cultivation of land. At the height of 
agricultural development in central Massachusetts some 75 percent of 
the land was cleared for cultivation or for pasture (Stout, 1952), 
which resulted in the leveling of the forest microtopography and the 
reworking of the upper soil horizons by plowing and harrowing (Lyford, 
1974). More recently, agricultural activities such as terracing 
(Veneman and Bodine, 1982) and artificial drainage (Bornstein, 1964) 
have also caused significant changes in these soils. 
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Hillslope Hvrology in the Central Highlands 
In the preceding account of the mode of deposition and the 
genesis of the tills and soils of the Central Highlands of New 
England, the anisotrophic nature of these deposits is clearly evident. 
The hydraulic and physical characteristics of these deposits, 
therefore, can be expected to vary spatially. The complexity of the 
hydraulic properties of these deposits, in particular, can be 
simplified somewhat by viewing the typical hillside of this region as 
multilayered, with each layer having different vertical and horizontal 
permeabilities. A model of hillslope soil-water movement that 
includes such permeability contrasts has been developed recently by 
Selim (1987). 
Consideration of the anisotrophic aspects of permeability is 
important because the direction and velocity of water flow within a 
soil geometry influences the shape and elevation of the water table 
(Fayer and Hillel, 1982; Selim, 1987). Yet, information about 
vertical and horizontal permeability contrasts, within or between 
horizons, is frequently lacking in the literature on soil water flow. 
Less frequent still is consideration of the variability of horizontal 
permeability within a horizon depending on its position along a 
hillslope. Anisotrophy of this sort may be quite important in the 
upland soils of New England, due to the downslope washing and erosion 
of silty sediment during the early postglacial period (Veneman and 
Bodine, 1982). This latter type of anisotrophy was mentioned by 
Zaslavsky and Rogowski (1969) and by Hammermeister et al. (1982a) as a 
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possible cause for the diversion of lateral subsurface flow to the 
soil surface. 
The presence of a slowly-permeable layer within a soil greatly 
affects the infiltration and percolation of water (Baver et al., 1972; 
Chorley, 1978; Whipkey and Kirkby, 1978; Hillel, 1982). In many soils 
it is possible to have more than one impeding layer or a progressive 
decrease in permeability with depth. Whipkey and Kirkby (1978) have 
addressed this complication in their concept of critical layers: 
In a many-layered soil, the first critical layer is 
that with the lowest saturated permeability. The second 
critical layer is the layer which has the next lowest 
permeability, and is above the first. The third critical 
layer is the layer which has the next lowest permeability, 
and is above the second, and so on. In this way a sequence 
of critical soil layers may be established. Each layer acts 
as an impeding layer if rainfall intensity exceeds its 
saturated permeability. 
The concept of a sequence of critical layers has obvious application 
to the hillslopes of the Central Highlands where, for example, a 
sequence of weak plowpan, upper till (ablational facies), and lower 
till critical layers may be observed. 
Generally speaking, the hydrologic pattern for hillslopes in the 
Central Highlands is one of decreasing vertical permeability with 
depth, leading to the frequently observed occurrence of lateral flow 
over and within subsurface layers of fragipan or till (Gile, 1958; 
Hill and Gonick, 1963; Bornstein, 1964; Comer and Zimmermann, 1969; 
Patric and Lyford, 1980; Pickering and Veneman, 1984; Leonard et al., 
1984), as depicted in Fig. 2. Also, the impedence of vertical soil- 
water movement by these less permeable subsoils often gives rise to a 
perched, rather than a true water table (Gile, 1958; Whipkey and 
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Fig. 2. Generalized ground water flow in Lower Till hydrologic 
province, Cadwell Creek watershed, Quabbin Reservation, 
Massachusetts (from Leonard et al., 1984). 
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Kirkby, 1978; Pickering and Veneman, 1984). A true water table is 
defined as that fluctuating upper surface of a continuous, unconfined 
body of water at which the pressure is atmospheric (Lohman, 1972; 
Bouma, 1983a). A perched water table, on the other hand, is defined 
as the water table of unconfined ground water separated from an 
underlying body of ground water by an unsaturated zone (Lohman, 1972) . 
Perched ground water may be permanent, where recharge is frequent 
enough to maintain a saturated zone above the perching bed, or 
temporary, where intermittent recharge is not great or frequent enough 
to prevent the perched water from disappearing from time to time as a 
result of drainage over the surface of or through the perching bed 
(Lohman, 1972). Perched water tables that occur in soils on 
hillslopes underlain by glacial till or fragipans are usually 
temporary, lasting from a few days (Gile, 1958; Thorp and Gamble, 
1972) to a few months (Zobeck and Ritchie, 1984). 
The factors controlling the hydrologic processes operative on 
hillslopes underlain by relatively impermeable layers include: 
1. Precipitation--its intensity, duration, form (rain or snow), and 
spatial and temporal distribution; 
2. Infiltration--a function of the antecedant moisture profile, 
moisture-storage capacity, hydraulic conductivity, and surface 
condition (roughness, degree of compaction, vegetative cover, 
etc.) of a soil; 
3. The hillslope permeability profile (Weyman, 1973)--i.e., the 
varying degrees of vertical and horizontal anisotrophy (and 
heterogeneity) and the presence of preferential pathways for 
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soil-water flow that accentuate this anisotrophy within the 
surficial deposits of a hillslope; and 
4. Factors affecting soil-moisture gradients--soil-water potential 
and redistribution, evapotranspiration, and freezing 
temperatures. 
Soil Moisture Regimes and Lateral Drainage 
The temporal distribution of precipitation for a given area has 
been shown to have a direct relationship with water table fluctuation 
(Spaeth and Diebold, 1938; Gile, 1958; Lyford, 1964; Fritton and 
Olson, 1972; Thorp and Gamble, 1972; Palkovics et al., 1975; Ransom 
and Smeck, 1986). Lyford (1964) has observed that the year to year 
variation at any one well is dependent largely on the amount and 
periodicity of rainfall and particularly the time of year when 
rainfall occurs. For example, during the spring in the Northeast, the 
soil is at its wettest and even a small rain will cause a rise in the 
water table, but by mid-summer, a fairly large rain may have little 
affect on water levels (Lyford, 1964). This seasonal difference in 
the response of the water table to rainfall can be attributed, in 
part, to evapotranspiration effects and the interception of rainfall 
by foliage, factors which are at a minimum from late fall to early 
spring (Spaeth and Diebold, 1938). 
Lateral drainage over less-permeable layers of fragipan or till, 
is thought to be the cause of the frequently observed general increase 
in soil moisture with distance downslope (Gile, 1958; Lyford, 1964; 
Thorp and Gamble, 1972; Fritton and Olson, 1972; Patric and Lyford, 
25 
1980; Pickering and Veneman, 1984). Based on data from the Harvard 
Forest in central Massachusetts, Patric and Lyford (1980) found that 
the above relationship, by drainage class, holds true for any given 
day of the year. Soils farthest downslope will be the first to re¬ 
saturate and experience a rise in the water table in the fall when the 
moisture demand of evapotranspiration lessens, while those furthest 
upslope will re-saturate last. This simple relationship of soil- 
moisture regime and drainage class with hillslope position often is 
complicated by the microtopography. An example of this is the 
occurrence of wet spots along a hillside. These wet spots typically 
are associated with slightly concave positions where, in some 
instances, the fragipan/till layer comes close to the soil surface 
(Lyford et al., 1963; Bornstein et al., 1965; Pickering and Veneman, 
1984). 
The capacity of the soils along a hillslope to store moisture 
governs the seasonally differing time lag in the response of the water 
table to precipitation (Gile, 1958; Lyford, 1964; Nutter, 1973; 
Whipkey and Kirkby, 1978; Dunne, 1978). The soil-moisture storage 
capacities of hillslope soils have a direct bearing on the seasonal 
occurrence of lateral flow as well (Comer and Zimmermann, 1969; 
Nutter, 1973; Palkovics and Petersen, 1977; Knapp, 1978; Whipkey and 
Kirkby, 1978; Dunne, 1978; Leonard et al., 1984). In the Central 
Highlands, for example, the highest percentage of subsurface flow 
occurs typically in March or April during snowmelt because, at this 
time, little moisture storage is available and the infiltrative 
capacity is low, while in the fall, it is only when the deficit in 
soil moisture caused by evapotranspiration and drainage is 
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replenished, that lateral flow may again become significant (Leonard 
et al., 1984). 
The total storage volume available to soil water is defined by 
the depth and porosity of the hydrologically active portions of the 
soil mantle or regolith (Nutter, 1973; Leonard et al., 1984). In 
general, the depth of the hydrologically active portion of most 
hillslopes in New England is dependent on the depth to confining 
layers of dense till or bedrock (Nutter, 1973; Dunne, 1978; Fayer and 
Hillel, 1982; Leonard et al., 1984). The dynamics of soil-moisture 
storage are controlled mainly by the water retention characteristics 
of the regolith which, in turn, are functions of the nature of the 
pore, or void space*, with voids varying in size, shape, orientation, 
and distribution (Brewer, 1964). 
The discontinuous nature of the fine pores of fragipans and many 
tills seriously restricts water flow (O'Neal, 1952; Baver et al., 
1972; Ilozumba et al., 1979; Mehuys and De Kimpe, 1976; Palkovics and 
Petersen, 1977; Dabney and Selim, 1987) and thereby limits, along with 
the lack of penetration into these layers by roots, the full 
utilization of their moisture storage capacity (Smith and Browning, 
1946; Comer and Zimmermann, 1969; Grossman and Carlisle, 1969; Miller 
et al., 1971; Harlan and Franzmeier, 1974; Scotter et al. , 1979). In 
fragipans, the resulting low soil-water diffusivity in the matrix 
comprising the large, polygonal structure units means that, although 
*Bouma (1981) notes that the term "pore" is usually reserved for soil 
physics terminology, while the term "void" suggests a morphological 
classification. 
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the soil material between them may be saturated and conducting water, 
the matrix may remain largely unsaturated, even at the end of the wet 
season (Smith and Browning, 1946; Comer and Zimmermann, 1969; Scotter 
et al., 1979). 
Diffuse and Preferential Soil-water Movement 
The degree of involvement of macropores in lateral subsurface 
flow is not uniformly agreed upon. Those authors that have either 
stated doubts as to its importance to lateral flow or have simply 
neglected to consider it, base their explanations largely on 
traditional concepts of soil water (Beven and Germann, 1982). For 
example, even in a soil with high horizontal conductivity, storage and 
transmission within the unsaturated and saturated zones is thought to 
heavily dampen the lateral flow response of hillslopes to rainfall or 
snowmelt, with the result that virtually all infiltrating rainwater 
would then be stored in the soil, raising the level of the water table 
(Weyman, 1973; Dunne, 1978; Freeze and Cherry, 1979). The probability 
of such a rise in the water table, in this case, would be greater for 
low-intensity rainfalls of long duration rather than high-intensity 
rainfalls of short duration and for wet antecedant moisture conditions 
rather than dry (Weyman, 1973; Freeze and Cherry, 1979). Also, 
significant rates of lateral flow would only occur in soils on 
moderately steep to steep, convex hillslopes where the flow-impeding 
layer is at shallow depth and the horizontal permeabilities of the 
overlying soils are very high (Weyman, 1973; Dunne, 1978; Freeze and 
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Cherry, 1979). Lateral flow of this type has been termed "diffuse 
lateral soil-water movement" by Chorley (1978) . 
In contrast to the above are those authors who note the rapid 
delivery (preferential flow) of rainwater to the subsurface and then 
downslope via macropores (Gaiser, 1952; Whipkey, 1969; Aubertin, 1971; 
de Vries and Chow, 1978; Hammermeister et al., 1982b). Contrary to 
the conditions listed above by Freeze and Cherry as requisite for the 
build-up of the saturated zone, these authors note that macropore- 
enhanced lateral flow is more likely to occur with high-intensity 
rains of short duration in soils wet or dry. The macropores mentioned 
in these studies were formed by plant roots or soil fauna (biopores) 
and were often observed to interconnect, forming a laterally-trending 
network within the soil. 
Preferential flow can also take place through structural cracks 
(Quisenberry and Phillips, 1976; Hammermeister et al., 1982b); 
however, the occurrence of this type of preferential flow is most 
likely of secondary importance in the hillslope soils of New England, 
because the structure of most of these soils is weak and the content 
of clay is low (SCS, 1968; Veneman, 1985). An instance where jointing 
may contribute to preferential flow downslope, is through a network of 
joints often present in fragipan or till subsoils (Gile, 1958; Lyford 
et al., 1963; Williams and Farvolden, 1967; Ranney et al., 1975; 
Grisak et al., 1976; Follmer, 1984; Dabney and Selim, 1987). 
Diffuse and preferential soil-water movement are not mutually 
exclusive phenomena, as both are often operative within a single soil 
system, with one or the other dominating depending upon the physical 
conditions present at the onset of significant water influx (Beven and 
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Germann, 1982). The interaction of the diffuse and preferential flow 
components of soil has been explained by a number of authors via the 
"domain" concept: with the matrix as one domain, that can be 
described by hydraulic principles based on Darcy's Law, and macropores 
as a second domain (Ehlers, 1975; Bouma and Dekker, 1978; Scotter, 
1978; Edwards et al., 1979; Beven and Germann, 1981; Bouma, 1982; 
Nielsen et al., 1986). Seen from this perspective, the macropore 
domain can be regarded as an additional drainage system within the 
soil matrix that becomes effective at high rain intensities (Ehlers, 
1975). The requirement for high rain intensities is explainable, in 
part, if the infiltrative surfaces of macropores are also considered. 
Bouma et al. (1982) explain the interaction between domains as 
follows: 
When downward flow occurs, any existing lateral 
hydraulic gradient induces lateral infiltration into the 
[matrix]. The ultimate distance of lateral infiltration 
will depend on the magnitude of this gradient and on the 
resistance of any clay skins present. In any case, at the 
same depth there is free-flowing water adjacent to 
unsaturated soil. Standard flow theory does not recognize 
this. 
Four additional points need to be made here regarding the above. 
First, preferential flow through macropores also occurs at moderate to 
low rainfall intensities. As the soil matrix approaches saturation, 
lateral losses along the macropore are reduced and consequently, less 
influx of rain or meltwater is needed to maintain the flow 
(Quisenberry and Phillips, 1976; Bouma, 1977; Germann and Beven, 1981; 
Bouma et al., 1982). Second, the effect of macropores is dependent on 
the hydraulic characteristics of the matrix. Preferential flow is 
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in soils more apt to occur in fine-textured soils than coarse, i.e., 
where the saturated permeability of the matrix is low rather than high 
(Whipkey, 1969; Aubertin, 1971; Bouma, 1977; Beven and Germann, 1981 
and 1982; Coles and Trudgill, 1985). However, the presence of clay 
skins or organic coatings along macropores can be expected to modify 
this relationship.significantly. Third, preferential flow can also 
take place within capillary-sized pores, particularly through areas of 
low bulk density (Omoti and Wild, 1979; Germann and Beven, 1981; 
Smettem and Trudgill, 1983; Horton and Wierenga, 1986). Specific 
examples of this phenomena include preferential flow through fine 
fissures and through pores between loosely-packed aggregates (Omoti 
and Wild, 1979) and through pores within a "secondary soil matrix" 
comprised of fine cracks and of macropores loosely filled with eroded 
material (Germann and Beven, 1981). 
Lastly, whether or not flow occurs through a macropore will 
depend not only on its size and shape but particularly on its vertical 
continuity (Anderson and Bouma, 1977; Bouma et al., 1977; Bouma, 
1982). A number of authors stipulate that by "vertical continuity" 
they mean macropores that extend vertically downward from the soil 
surface, where their openings are not blocked, into the subsoil (Dixon 
and Peterson, 1971; Ehlers, 1975; Edwards et al., 1979; Hole, 1981). 
However, the requirement that macropores extend to the soil surface 
does not appear to be a necessity for flow to occur, since flow within 
macropores may be initiated wherever positive hydraulic pressures 
build up within the soil matrix (Whipkey, 1969; Thomas and Phillips, 
1979; Germann and Beven, 1981; Beven and Germann, 1982). Once 
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preferential flow is initiated in a saturated zone, the lateral 
connectivity of the macropore network is less important, provided that 
in any cross section there are sufficient large pores to maintain a 
high saturated permeability (Beven and Germann, 1982) . 
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CHAPTER III 
MATERIALS AND METHODS 
Location and Site Characteristics 
The study site was located on the west-facing slope of a 
drumloidal hill at the southern terminus of a ridge in Belchertown, 
Massachusetts, on the grounds of the University of Massachusetts 
Horticultural Research Center. The hillside is typical for this part 
of the state, having a relatively thin (0.5-0.7 m) aeolian component 
intermixed with underlying deposits of sandy, friable to compact 
glacial till derived from granitic materials. 
A hydrosequence of three soils was chosen for sampling and 
characterization, consisting of: a well drained Canton fine sandy loam 
(coarse-loamy over sandy, mixed, mesic Typic Dystrochrept, 8% slope) 
on the backslope, a moderately well drained Scituate fine sandy loam 
(coarse-loamy, mixed, mesic Typic Dystrochrept, 5% slope) on the 
footslope, and a somewhat poorly drained Ridgebury loam (coarse-loamy, 
mixed, mesic, Aerie Fragiaquept, 2% slope) on the toeslope. The 
present vegetative cover is apple trees, eight years or older, and 
various orchardgrasses. Tile drainage has been installed on the 
surface of the hardpan (approx. 50-60 cm deep) throughout the toeslope 
area at various times prior and subsequent to the establishment of the 
research facility at this location in 1964. 
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Field Measurements 
Soil Sampling and Characterization 
During the summer and fall of 1985, pits (1 mx 2 mby 1-2 m 
deep) were used for the description and sampling of each soil (Fig. 3) 
in accordance with standard procedures (SCS, 1984). Features 
associated with mottling and preferential-flow phenomena were 
described in more detail using the terminology of Brewer (1964). 
Water Table Levels 
Depth to the water table was measured in observation wells. 
Different depths of placement were selected to identify possible 
perched water tables (Franzmeier et al., 1983). The wells were 
constructed from 5-cm (o.d.) PVC pipe, perforated over the lower 40 to 
60 cm of their length, in three vertical rows of 0.8-cm (diam.) holes, 
with each hole covered with 120-mesh brass screening. The lower end 
of each well pipe was capped, set to the appropriate depth in a hand- 
augered hole (8.5 cm diam.), and then encased in the following manner: 
1. The lower, perforated ends of all wells were backfilled with 
fine or medium, washed, quartz sand; 
2. In well-pipes set within the till, the perforated lower portion 
was isolated from above by packed earth and by bentonite, with 
the latter applied dry to the annulus between the pipe and the 
top 20 to 25 cm of the till; and 
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Fig. 3. Map of study site, showing locations of sampling pits (stars), 
observation wells (W), tensiometer sets (T), and drainage 
tiles (dashed lines). Also shown are the research center 
buildings (cross-hatching) and stone walls (beaded lines). 
Crest of hill is at approx. 770 ft. 
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3. Wells set to the top of the pan or till were isolated from the 
soil surface by packed earth. 
The above-ground portions of the wells extended approximately 30 cm 
above the soil surface, were capped with rubber stoppers, and had a 
small (0.32-cm diam.) hole drilled into the side of the pipe for 
pressure equalization. The spatial relationship of these wells to 
nearby tensiometers and sampling pits is shown in Fig. 3. 
Beginning in January of 1985, water table levels were monitored 
at least once per week using a calibrated, electric probe. In 1986, 
the wells were monitored more frequently during the week following 
large rainstorms. The electric probe was constructed by passing 
appliance wire, bared at both ends, through a 3.1-m length of 1.27-cm 
diam PVC pipe and couplers, with one pair of leads exposed flush with 
the pipe at one end and the other wired to an electric audio device. 
The annulus between pipe and wire at both ends was sealed with 
silicone caulking. Upon reaching the water table the device emitted a 
sound and the water table depth was read from the probe, using the top 
of the well-pipe as reference. During 1986, the wells were pumped out 
after each reading to ensure that water levels were in equilibrium 
with the soil and not trapped in the "dead" space at the bottom (lower 
5 cm) of the well. 
Meteorology 
The meteorological data referred to in this study were recorded 
at the Quabbin Reservoir Administration Building, located 
approximately 2.8 km NNE of the research site. Earlier comparisons of 
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weather data from this facility with rainfall and temperature data 
collected by workers at the Horticultural Research Center showed 
sufficiently close correspondence such that on-site measurements were 
suspended (A. Rossi, 1985, personal communication). Daily records 
were plotted and then contrasted with monthly means for the period 57 
years prior to December 1986, the last month water table measurements 
were taken. 
Soil-moisture Tension 
Tensiometers used for the measurement of soil-moisture tensions 
were made from porous ceramic cups (6.40-cm long by 1.95-cm o.d.) 
epoxied to clear, rigid plastic tubing (1.90-cm o.d.) cut to 
appropriate lengths. Within each soil, tensiometers were placed in 
duplicate at depths representing the approximate center of each 
horizon and at depths 3 to 5 cm above horizon boundaries considered 
restrictive to moisture flow. In addition, duplicate probes were 
placed within the bleached interprism zone of the Ridgebury soil. 
The tensiometer probes were installed following the method of 
Baker (1974). To minimize the possibility of edge flow along the 
tensiometer, when backfilling above the ceramic cup, increasing 
amounts of bentonite were added to each batch of slurried cuttings, 
one batch for each major horizon augered through, as each was 
replaced. The arrangement of tensiometers in the field is shown in 
Figure 3. 
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Once in place, the tensiometers were slowly filled from the 
bottom upwards (to overflowing) with de-aired water* via a flexible 
tube, to minimize the amount of air included within the tensiometer. 
When all bubbles were removed from the top of each instrument by this 
flushing procedure, a certain volume of this water was removed by 
syringe, leaving an air space (when sealed) of from 5 to 9 cm. The 
tensiometers were then plugged with rubber-septum stoppers and the 
above-ground portions protected from the elements by an enclosure of 
4.8-cm diam PVC pipe plus cap. In addition, with the onset of 
freezing temperatures the tensiometers were further protected by a 
covering of salt marsh hay. Periodically, the water within the probes 
was brought up to the appropriate level with additions of de-aired 
water. 
Water potential measurements were obtained using a Tensimeter 
(Soil Measurement Systems, Las Cruces, NM), a hand-held, digital- 
readout, pressure transducer device (described in Marthaler et al., 
1983). Readings were taken generally once per week in the morning, 
from the beginning of June to the end of December, 1986. More 
frequent measurements were made during the week following especially 
large or protracted rainfall. Tensimeter readings were corrected for 
the length of the water column to obtain actual soil-moisture tension 
values. 
The air space of 5 to 9 cm above the water column within the 
tensiometer was left there to offset the change in pressure due to the 
*De-airing of water, in every instance throughout this investigation, 
was accomplished by boiling tap water for one hour; after which it 
was allowed to cool and was then stored in a sealed Nalgene carboy 
until needed. 
38 
insertion of the Tensimeter measuring device. It was found later to 
be too large, however, as a head space of 2 to 3 cm was determined to 
be more appropriate (Yeh et al., 1986). The error due to this 
temperature sensitive volume of air was corrected for. Leakage of air 
through the rubber-septum stopper, due to repeated puncturing by the 
measuring device, was lessened by the application of a 2 to 3-mm thick 
layer of silicone sealant to the top surface of the stopper. 
Dissolved Oxygen 
Dissolved oxygen (DO) content and temperature of the ground water 
were determined in the field using a YSI model 54ARC Dissolved Oxygen 
meter (Yellow Springs Instrument Co., Inc.). Prior to each set of 
measurements, the instrument was calibrated in the laboratory at 
approximately 5°C using stirred, air-saturated tap water. 
Field measurements were made using the water-table observation 
wells after water table measurements were completed. Wells with at 
least 20 cm of water were drained and allowed to recover two times. 
The probe was then lowered to just above the well bottom and bobbed to 
provide a solution flow velocity of approximately 25 cm s'^, as 
suggested by the manufacturer. Readings were recorded once the meter 
had stabilized (usually within 20 to 30 seconds). To prevent erratic 
readings, the probe membrane and electrolyte solution were replaced 
every 2 to 3 months. In addition, care was taken to keep the membrane 
moist at all times. Measurements were made every two weeks during the 
period 2 May 1986 to 5 January 1987. 
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Laboratory Measurements 
Bulk samples from each soil horizon described in the field were 
air-dried, crushed, passed through a 2-mm sieve (SCS, 1984), and 
stored in heavy-duty, plastic bags for subsequent physical and 
chemical analyses. 
Particle Size Distribution 
Particle size analysis was performed in the laboratory for all 
horizons using the pipette method, following wet sieving of the sand 
fractions (Gee and Bauder, 1986). All Ap horizon materials were 
pretreated with for removal of organic matter. The sand 
fractions were separated by dry-sieving for 20 minutes. 
Bulk Density 
Three 80-220 cm3 natural clods, carefully sampled from the 
central portions of each horizon, were used for bulk density 
measurements by the Saran method (SCS, 1984). Prior to their 
destruction for the removal of coarse fragments (> 2 mm), the oven- 
dried clods were used for moisture-retention measurements. 
Soil Water Characteristic 
Soil water characteristics (desorption) were determined in the 
laboratory for all horizons studied. Moisture contents at soil-water 
potentials of -0.01 to -0.1 MPa were measured using Saran-coated clods 
equilibrated within a pressure plate apparatus (Veneman, 1974). The 
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clods used previously for bulk density measurements were cut with a 
diamond saw to create flat surfaces. A thin layer of fine sandy loam 
was used to cover the pressure plates to improve the hydraulic 
contact. Moisture contents at soil-water potentials of -0.3, -0.5, 
and -1.5 MPa were determined using disturbed soil (< 2 mm) on the 
pressure plate apparatus, in accordance with standard procedures (SCS, 
1984). A minimum of three replications were obtained for each 
horizon. 
Equilibrium was considered to have been reached when no 
measurable outflow from the plates was observed for a period of at 
least 6 hours (after 5 to 8 days usually). Room temperatures were 
recorded for the duration of each moisture retention run by taking 
measurements from a thermometer suspended within a 1.2 L volume of 
water immediately adjacent to the measuring apparatus. 
Chemical Properties 
All analyses were performed according to standard procedures 
(SCS, 1984) unless stated otherwise. The numbering indices in 
parentheses in the following sub-sections refer to specific methods 
within this report. Sub-samples for analyses of Fe, Al, Mn, and 
organic carbon were ground by mortar and pestle to pass through a 60- 
mesh (0.5-mm) sieve. 
Soil pH 
Soil pH was measured in separate 1:1 (wt/vol) mixtures of soil 
with H20 (8Clb), 0.01M CaCl2 (8Clf), or IN KC1 (8Clg). 
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Fe. A1. and Mn content 
Amounts of Fe, Al, and Mn were quantitatively determined by 
atomic absorption in dithionate-citrate (Fe:6C2b, Al:6G7a, Mn:6D2a) 
and sodium-pyrophosphate (Fe:6C8a, Al:6G10a) extracts. 
Cation exchange 
Extractable bases (Ca, Mg, K, and Na) were determined by means of 
atomic absorption or emission in IN ammonium acetate extract, adjusted 
to pH 7.0 (6N2e, 602d, 6Q2b, and 6P2b, respectively). Extractable 
acidity was determined using a modified barium chloride- 
triethanolaimine method (Peech et al, 1962). Cation exchange capacity 
(CEC) was calculated as the sum of extractable bases and extractable 
acidity (5A3a). Base saturation was calculated from extractable bases 
and CEC values. 
Organic carbon 
The amount of organic carbon was determined by wet digestion 
using the Modified Mebius Procedure (Nelson and Sommers, 1982). 
Saturated Hydraulic Conductivity 
Representative samples for measurement of saturated hydraulic 
conductivity (Ksat) were taken in triplicate from the following 
horizons of each soil: Canton Bwl/Bw2; Scituate Bwl/Bw2, 2BC, and 
2Crl/2Cr2; and Ridgebury Bwl/Bw2, 2Bxl, and 2Bx2. The "cube method" 
of Bouma and Dekker (1981) was employed because of the suitability of 
this method in measuring Kgat in stoney and brittle soil materials and 
because it allowed for the direct measurement of horizontal Ksat_. 
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A 25 x 25 cm x 30-cm high soil column was carved out in the field 
and encased in gypsum*. The column was separated from the underlying 
soil by using skewers to create a horizontal fracture plane 
approximately 5 cm beneath the base of the sample. The cube was 
carried out of the pit and transported on a grain sack, which provided 
even support for the base. For road transport to the laboratory it 
was secured within a large, plastic basin half-filled with a mixture 
of soil and vermiculite. 
In the laboratory, natural upper and lower surfaces were exposed. 
The cube was placed on a 5 to 7-cm thick bed of washed, medium, quartz 
sand within a large, plastic basin (Fig. 4). The sand allowed 
unimpeded drainage, while also providing support for the lower surface 
of the sample. The upper surface of the sample was covered with 
approximately 0.8 cm of the quartz sand to lessen turbulence when 
ponded. The basin was filled with tap water, submerging the lower 
third of the cube which was left to saturate (or nearly so) for one 
week prior to the measurement. 
De-aired water was ponded on the upper surface of the cube and a 
constant head of about 1.2 cm was maintained by the use of a Mariotte 
bottle, calibrated to measure inflow into the sample. The plastic 
basin was provided with an outflow (male thread x tubing connector) 
fitting that allowed adjustment of the water level within the basin to 
+1 cm. Unit hydraulic-head gradient was established by adjusting this 
fitting in tandem with the air tube within the Mariotte bottle (Fig. 
4). 
* Hydrocal B, available from United States Gypsum, Chicago, IL. 
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PLASTIC BASIN 
T 
-- water 
saturated soil 
j|j -- gypsum wall 
medium sand -- biopore 
Fig. 4. Set-up for K ^ measurements using the "cube method" (Bouma and 
Dekker, 1981). 
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Measurements were made as soon as water flux was constant. A 
minimum of five flux readings were taken, along with the temperature 
of the influent. Readings of time and temperature were averaged and 
used to calculate the saturated hydraulic conductivity (K t) as 
follows: 
Ksat = <Q/At)(L/dH) 
where Q is the volume of de-aired tap water passing through a cube 
sample of cross-sectional area A in time t, and dH is the difference 
in hydraulic head across the sample length L. All Ksat values were 
adjusted to a standard temperature of 20°C (Klute, 1965). 
Measurements were taken in both the vertical and horizontal direction, 
as described in Bouma and Dekker (1981). 
Staining of Conducting Pores 
Upon completion of the Ksat measurements, a 0.01% solution of 
methylene blue (3H2O * ) was applied to determine the 
distribution and extent of conducting pores (Bouma et al., 1977), 
while also revealing if edge-flow had occurred. Due to adsorption of 
the dye by the sand bedding, the breakthrough of the dye solution 
could not be used as the termination point for the staining procedure. 
Instead, the breakthrough of Cl” dissociated from the dye was used, 
with chloride concentrations determined periodically using a Buchler- 
Cotlove chloride titrator. 
Upon completion of the staining, the cube was allowed to freely 
drain for approximately four to five days. It was then cut into five, 
approximately 5-cm thick, horizontal slices by first cutting through 
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the gypsum casing with a gypsum saw, followed by the insertion of 
three or four skewers to complete the separation. Soil loosened by 
the separation procedure was removed by vacuuming, the nozzle end of 
the vacuum hose held just above the soil surface. This procedure 
exposed natural soil surfaces which subsequently were described and 
photographed. 
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CHAPTER IV 
RESULTS 
Soil Descriptions 
Detailed profile descriptions are given in Appendix A. 
Differences in the physical properties and depth of the substratum are 
pronounced, whereas the upper soil horizons are more similar, due to 
an aeolian influence. 
In the substrata, the trend downslope along the transect is one 
of increasing depth to bedrock and decreasing depth to dense glacial 
till. A grussified bedrock surface, with till absent, is present at a 
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depth of 1.2 m in the Canton pedon. In the Scituate soil, dense till 
occurs at 1.15 m and the bedrock surface is found at 2.6 to 4.0 m 
depth, as determined by resistivity (Scian, 1989). In the Ridgebury 
profile dense glacial till lies at 0.5 m, with bedrock present at 
depths greater than 10 m (Scian, 1989). The Canton profile has a 
relatively abrupt coarse-loamy over sandy-skeletal discontinuity at a 
depth of 0.7 m, the Scituate pedon has a less abrupt coarse-loamy over 
sandy contact present also at 0.7 m, and the Ridgebury soil is coarse- 
loamy throughout but has a loam over stony fine sandy loam contact at 
0.5 m. Also of note here is the contrast between the stonier, non- 
fragic 2Cr horizons of the Scituate soil, that only partially restrict 
the activity of roots and soil animals, and the fragic, less stony 2Bx 
horizons of the Ridgebury pedon that more effectively serve as,a 
barrier to these organisms. 
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The contrasts seen in substrata characteristics can be expected 
to have a profound influence on the movement of water through these 
soils. Soil color and mottling patterns reveal these differences to 
some extent (Appendix A). In the Ap horizons, both value and chroma 
decrease going from the well drained Canton to the somewhat poorly 
drained Ridgebury soil, indicative of a general increase in wetness 
with distance downslope. Yet, the Bw horizons of all three soils are 
yellowish brown and overlie substrata that are light olive brown to 
olive, showing an increase in wetness with depth also. The apparent 
similarity in the increase in wetness with depth is seen in the 
mottling patterns as well. For example, in each profile the Bwl 
horizons have high-chroma concentrations of iron and the Bw2 horizons 
have areas of low-chroma, both symptomatic of periodic wetness, with 
the only obvious difference being the greater amount and intensity of 
mottling in the Ridgebury pedon versus the other two pedons. 
Differences in other, feature-related mottling patterns (e.g., channel 
neoferrans and neoalbans) are somewhat more distinct, as will be 
discussed in the next chapter. 
Physical Properties 
The following observations and comparisons of soil texture and 
bulk density are based on data given in Tables 2 and B-l and on 
Appendix A. 
A general coarsening of texture with depth is evident within each 
soil. This is due mostly to an increase in the very coarse to medium 
sand fraction and to a decrease in the coarse silt fraction with 
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depth. Other observations of note are: (i) the presence of the quite 
well-sorted 2BC horizon within the Canton soil, with fine sand to 
coarse silt comprising 80% of the <2 mm fraction; (ii) the more 
gradual and pronounced coarsening of texture with depth in the 
Scituate pedon, peaking in the sandy 2CB horizon; and (iii) the 
increase in clay content with depth in the Ridgebury profile. 
Data for percent coarse fragments are absent, except for field 
estimates. Even so, these estimates do show clearly a decrease in 
percent coarse fragments moving up-profile from the 2Crl and 2Bxl 
horizons of the Scituate and Ridgebury pedons, respectively, while in 
the Canton profile a reverse trend is seen. Subrounded, highly 
weathered clasts of tonolite* dominate the coarse fraction in most 
horizons, especially in the Canton 2Cr and Scituate 2CB horizons, but 
are notably less dominant in the Scituate 2Cr2 and Ridgebury 2Bx2. 
The Scituate 2Cr2 has an abrupt increase in angular, feldspathic 
cobbles and stones, while in the Ridgebury 2Bxl the frequently well- 
weathered tonolite clasts may have been incorporated into the soil 
matrix. 
Bulk density values show an increase with depth in all three 
soils. There are distinct differences, however, in how this general 
increase is expressed within each profile. In the Canton soil the 
increase in bulk density is gradual and is proportional to the 
increase in coarseness of texture and to a decrease in soil animal 
activity with depth. In the Scituate soil the increase in bulk 
density with depth is more abrupt, with the increase in the 2CB 
*Hornblende-biotite granodiorite or hornblende-biotite quartz diorite 
(Guthrie, 1972) . 
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horizon corresponding to a noticeable coarsening in texture and 
decrease in soil animal activity and that in the 2Crl accompanying the 
occurrence of dense glacial till. In the Ridgebury profile a gradual 
increase in bulk density occurs with depth, down to a very abrupt 
increase at the glacial till discontinuity (2Bxl horizon). Also of 
note is the 4 to 11% higher bulk density values obtained for the 
fragic 2Bx horizons of the Ridgebury pedon as compared to the non- 
fragic 2Cr horizons of the Scituate soil. 
Total porosity for each horizon, calculated from bulk density 
values, correlates well with field estimates of pores, or macropores 
(Table 2). Trends in the distribution of macropores, essentially the 
inverse of those observed for bulk density, and in the distribution of 
packing voids, a function of soil texture, are reflected in the soil 
water characteristics for each soil (Fig. 5). Between saturation and 
a tension of 10 kPa soil water is lost primarily from macropores and 
large packing voids of the matrix. The amount of soil water lost in 
this range, equivalent to the air-filled porosity at 10 kPa tension, 
is given in Table 2. The increase in this porosity with depth in the 
Canton profile, overall, accompanies a decrease in the amount and size 
of macropores and the increase in coarseness of texture. The trend 
with depth in the Ap and Bw horizons of the Scituate profile is 
similar but enhanced, due to the greater porosity of this soil, while 
the reverse holds true for the Ap/Bw horizons of the Ridgebury 
profile. 
The substrata of the Scituate and Ridgebury pedons behave 
similarly in their retention of water, corresponding well with the 
marked decrease in pore size and in the amount of channels observed in 
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Fig. 5. Soil-water characteristics (desorption) for the soils under 
study. Soil-water contents at 0 kPa (saturation) were 
calculated from bulk density values. 
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each. Furthermore, at tensions between approximately 6 and 200 kPa in 
the Scituate soil and between 50 and 300 kPa in the Ridgebury, the 
2Crl and 2Bxl horizons of each, respectively, hold more water than the 
overlying Bw2 horizons. In contrast, in the Ap and Bw horizons of all 
three soils the differences in moisture retention at tensions > 10 kPa 
is chiefly a function of texture. At tensions > 300 kPa, the 
differences in moisture retention for all horizons are a function of 
the clay and organic matter content. 
The 2BC horizon of the Canton soil and the 2CB horizon of the 
Scituate are intermediate between the Ap/Bw horizons and substrata in 
their moisture release characteristics, showing the combined 
influences of macropores, texture, and bulk density. The moisture- 
arresting properties assigned to these horizons in the field (Appendix 
A) may not exist, except at near saturation, because at tensions 
between 5 and approximately 200 kPa in each soil these horizons retain 
more water and may have higher unsaturated permeabilities than the 
horizons that overlie them. The more likely unsaturated moisture- 
impeding contacts, based on Fig. 5, are between the Bw22/2BC and 2Cr 
horizons of the Canton pedon and the Bwl/upper-Bw2 and lower Bw2 of 
the Scituate pedon. 
The abrupt drop in moisture content between 100 and 300 kPa of 
tension, seen most clearly in the curves for the lower horizons of the 
Scituate and Ridgebury soils, may be due to the switch from using 
# 
undisturbed to disturbed samples for measurement. 
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Saturated Hydraulic Conductivity and Water Flow Pathways 
The factors noted above as governing moisture retention-- texture, 
bulk density, and the nature and distribution of macropores--govern 
also the saturated hydraulic conductivity (Ksat) of these soils to a 
considerable degree (Table 3). In the Bw horizons of each pedon, for 
example, the vertical Ksat_ (IC^) values are seen to match closely the 
field estimates of pore-size distribution (Table 1) and macropore 
types (Appendix A), while the horizontal Ksa{_ (K^) values correspond 
clearly to differences in texture. Namely, increases as the size, 
amount, and degree of vertical continuity of macropores increases and 
increases as the coarseness in texture increases. The influence of 
macropores, in particular, on the Ksat; of these upper soil horizons is 
evident by the staining patterns left by the methylene blue dye (Fig. 
6). The Ap horizons of these soils are assumed to behave in like 
manner and to have Ksat values that do not differ significantly from 
those obtained for the Bw horizons. 
The trends in Ksat seen in the Bw horizons are observed also in 
the substrata of the Scituate and Ridgebury pedons, but here soil 
structure and consistence are equally important. For example, the 
> 
approximately six-fold higher K^. value of the Scituate 2Cr horizons 
versus that of the somewhat finer-textured 2Bxl horizon of the 
Ridgebury is attributed principally to the lack of fragic properties 
in the former. Specifically, the Scituate 2Cr horizons are less 
compact and have a lenticular structure throughout that is noticeably 
less restrictive to penetration by roots and soil animals than the 
dense and more fissile Ridgebury 2Bxl (Fig. 7). Note in Fig. 7, that 
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Table 3--Mean saturated hydraulic conductivity values, vertical (Kv) 
and horizontal (K^), plus related data from selected horizons 
in the Canton, Scituate, and Ridgebury soils. 
Hydraulic Conductivity+ 
Depth 
sampled 
Bulk 
Horizon Texture densityT Kv n Kh§ n 
cm Mg/m cm/h cm/h 
Canton 
Bw 25-50 fsl-vfs1 1.42 5.10 3 4.21 2 
Scituate 
Bw 33-58 fsl-ls 1.21 19.8 2 15.5 2 
2CB 80-105 gls 1.59 8.42 3 16.1 3 
2Cr 120-145 fsl-sl 1.83 0.844 3 3.35 3 
well 2b 219-260 si-Is - - - 76.0 2 
Ridgebury 
Bw 25-50 1 1.36 12.3 3 1.31 3 
2Bxl 60-85 fsl 1.92 0.138 4 1.15 4 
well 3a 51-95 fsl 1.92 - - 0.960 1 
2Bx2 93-118 fsl 1.97 0.345 1 0.057 1 
well 3ab 95-146 fsl 2.0+ - - 3.25 1 
well lb 161-212 fsl II - - 0.520 2 
wel1 2b 181-242 fsl It - - 0.183 4 
well 4b 140-210 fsl II • — 17.4 2 
^Modi fied from Table 2 . Values are weighted by the percentage of each 
horizon included in a sample. Bulk density values for depths below 
+ 88 cm in the Ridgebury soil are from Lindbo (1989). 
+Values reported are geometric means; n = number of measurements, 
nn wells, Ksa|. was determined using the Auger-hole Method. Because 
well bottoms were capped, h is assumed. 
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Fig. 6. Plan view of dye-staining patterns in Bw horizon samples 
following vertical Ksa-t measurements. 
(a) Canton soil, 32 cm depth 
(b) Scituate soil, 43 cm depth 
(c) Ridgebury soil, 40 cm depth 
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59 
Fig. 7. Plan view of dye-staining patterns in substrata samples 
following vertical Ksat measurements. 
(a) Scituate 201, 130 cm depth (25 cm wide) 
(b) Ridgebury 2Bxl, 75 cm depth 
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in the Scituate 2Cr sample both macropores and friable areas of the 
matrix are stained, while in the Ridgebury 2Bxl sample only one lense 
of sand is stained and then, only after twice the amount of dye had 
been applied. In contrast, the approximately three-fold higher 
value of the Scituate 2Cr horizons versus that of the Ridgebury 2Bxl-- 
with both horizons marked by the presence of horizontally-trending 
bodies of loamy sand (Fig. 8)--is attributed mainly to the difference 
in consistence. Notice also that in Fig. 8 the staining is limited to 
the upper half, or 2Crl horizon portion of the sample. 
The Ksat values obtained for the 2CB horizon of the Scituate soil 
are on a par with those obtained for the overlying Bw horizons, with 
the lower K^. values due to the decrease in the amount of macropores 
(Fig. 9). Similarly, Ksat values for the discontinuous 2BC horizon of 
the Canton pedon are assumed to be like but somewhat less than the 
overlying Bw horizons, while those for the underlying sandy-skeletal 
2Cr clearly can be assumed to be quite high. 
In the Bw horizons of these soils ICy > by ratios of 1.2, 1.3, 
and 9.4 to 1 for the Canton, Scituate, and Ridgebury profiles, 
respectively. The significant difference in the ratios between the 
Scituate and Ridgebury can be explained in terms of texture: i.e., 
the finer-textured Ridgebury Bw horizons have a much lower value 
which increases the ratio. The ratio for the Canton soil 
is misleading since in two of the three samples was slightly higher 
than ICy. (Table B-3), due to a lack of vertically continuous macropores 
(Fig. 7a). In the lower horizons of the Scituate and Ridgebury 
pedons, on the other hand, at ratios of 1.9, 4.0, and 8.3 to 1 
for the 2CB, 2Cr, and 2Bxl horizons, respectively. 
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64 
Fig. 9. Plan view of dye-staining patterns in a Scituate 2CB horizon 
sample (95 cm depth) following vertical *^sat measurement. 
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The reversal in the direction of the ratio upon going from 
the upper horizons to the substrata in the Scituate and Ridgebury 
pedons is attributable to the more pronounced decrease in values 
with depth relative to the decline in Kl. The decrease in Ky, with 
depth is greater and much more abrupt in the Ridgebury profile, 
decreasing by a factor of 89 over a very short distance (at the 
Bw2/2Bxl contact), as compared to the 23:10:1 decline in ICy, in the Bw, 
2CB, and 2Cr horizons of the Scituate profile, respectively. This 
contrast in ICy. profiles is to be expected based on the distinct 
differences in morphology between the two soils. Thus, the fragic 
2Bxl horizon of the Ridgebury soil should greatly impede the downward 
flow of the water in situ, while percolation of water in the non- 
fragic Scituate subsoil horizons should be less restricted. 
The Ksat values obtained for the Ridgebury 2Bx2 horizon are most 
likely not representative for two reasons: first, the values came 
from only one sample and, more importantly, even if more samples had 
been used, the sample sizes employed were too small to provide a 
representative elementary volume for this horizon (Bouma, 1983b). The 
dimensions of the sample were 25x25x25 cm, which is smaller than the 
dimensions of even one prismatic structural unit (40-60 cm diam) in 
the Ridgebury 2Bx2. As it occurred, the sample measured for Ksat had 
a vertically continuous inter-prism joint running through it, while 
along the horizontal axis no such continuous joint was present. It is 
likely then, that the value for this horizon more closely 
represents the Ksat of the prism-face material, while represents 
the Ksat of the prism matrix. 
66 
Because of this inadequacy in the Ksat data for the Ridgebury 
2Bx2 horizon in particular, recovery tests were conducted using the 
deeper water-table observation wells. Ksat was calculated from the 
data obtained from these tests using the approximate equations of 
Ernst or of Boast and Kirkham (in Amoozegar and Warrick, 1986), and is 
presented in Table 3. The values from these tests are reported as 
because the bottoms of all wells were capped and therefore, the 
horizontal component of flow was assumed to dominate during recovery. 
The value from well 3a is quite close to that of the 2Bxl sample, 
whereas the values from wells lb and 2b more closely match the 
value of the 2Bx2 sample. The values from wells 3ab and 4b are 
anomalous, most likely, as will be discussed in the next chapter. 
In addition to the pathways of soil water movement already 
mentioned as contributing to Ksat, other pathways of somewhat lesser 
importance were indicated by the methylene blue dye tracer. These 
include: 
1. Flow through the matrix or outside edges of krotovinas (Bw 
samples, Fig. 6c). Flow through the matrix was initiated most 
likely by channels within the krotovina, while that along the 
outside edges may be illusory due to the possibility of shrinkage 
of the krotovina relative to the soil matrix prior to Ksat 
measurement. 
2. Flow along the outer surface of roots (Bw samples). 
3. Flow through areas of lower bulk density (Canton Bw and Scituate 
Bw and 2CB samples, Fig. 6b and 9). 
4. Flow over the surface of or through coarse fragments (Canton Bw and 
Scituate 2CB and 2Cr samples, especially). Roots and channels were 
67 
found frequently to intercept large, often silt-capped stones, some 
of which were stained by dye from conducting pores. Also, highly 
weathered tonolite proved to be quite pervious (in Fig. 6a, for 
example). 
Lastly, it was observed that the extent of diffusion of dye into 
the matrix about macropores differed noticeably between different soil 
horizon Ksat samples, due principally to differences in texture. That 
is, as the coarseness of texture increased the extent of dye diffusion 
into the matrix about conducting pores increased. 
Chemical Properties 
Organic carbon (OC), soil pH, and cation exchange data are given 
in Table 4. In the Ap and Bw horizons of these soils, the 
relationship expected between organic carbon and drainage class is 
seen; namely, percent OC is highest in the somewhat poorly drained 
Ridgebury soil and lowest in the well drained Canton soil. In the 
substrata, on the other hand, OC values are similarly low, ranging 
from 0.06 - 0.09%. 
The pH and cation exchange properties of these and adjacent soils 
have been affected to various degrees by past liming and fertilizer 
practices at the study site. Occasional, broadcast applications of 
low-Mg lime were applied prior to planting new trees, with the most 
recent applications occurring approximately 8 yrs ago on the Ridgebury 
soil, 12 yrs ago on the Scituate soil, and > 20 yrs ago on the Canton 
soil (J. Sincuk, 1988, personal communication). The effects of liming 
are reflected in the pHw (water extract) values of these so ils, in 
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that they: (i) range from slightly to moderately acid (5.2 - 6.5), 
(ii) increase downprofile in the more-recently limed Ridgebury and 
Scituate profiles, and (iii) are lowest overall in the much-less - 
recently limed Canton soil, the Bw2 horizon especially. The 
relatively high Ca, Mg, and base saturation (BS) values in the upper 
horizons of the Ridgebury and Scituate profiles, versus those in the 
Canton profile, may be attributable also to the differences in liming 
history. Periodically (on an annual basis), Ca and K fertilizer 
supplements are applied within the drip-edge area of most trees. The 
effects of these mineral inputs, if any, would be most evident in the 
Ridgebury soil where trees are spaced 3.4 m apart and proportionately 
less evident in the Scituate and Canton soils, where the trees are 
spaced 6.1 and 12.2 m apart, respectively. Specifically, the 
relatively high amounts of K in the Ridgebury profile may be due to 
the greater likelihood of this soil being affected by fertilizer 
amendments. 
As expected, the pH values in salt solutions decrease as the 
concentration of salt increases. In particular, the difference 
between pHw and pH in IN KC1 increases downprofile in all three soils 
and is in every case > 0.5 pH units, which may be indicative of the 
presence of significant amounts of complexed, slowly exchangeable Al 
(Buol et al., 1980). However, extractable acidity (EA) values, 
reflecting in part the contribution of hydroxy-Al polymers to the 
potential acidity of a soil, decrease downprofile, with the one 
exception accompanying the large increase in clay content in the 2Cr2 
horizon of the Scituate profile. The decrease in EA values, or 
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potential acidity with depth, more closely matches and is most likely 
due to the decrease in % OC. The very low EA value in the Ridgebury 
2Bx2 horizon, in spite of a large increase in clay content, appears to 
be due to the near saturation of the exchange sites by base cations 
(BS of 96%). Extractable cations and CEC values for all three soils 
show the same trends downprofile as the EA values, overall. 
Profiles of the content of Fe, A1, and Mn in pyrophosphate and 
dithionate extracts (subscripts "p" and "d", respectively) are shown 
in Fig. 10. Most readily apparent are the higher Fed values in all 
profiles and the relationships Ald > Alp > Fep > Mnd in the Canton and 
Scituate profiles and Ald > Fep > Alp > Mnd in the Ridgebury profile. 
Peaks of Fed occur in the Scituate Ap2, Canton Bwl, and Ridgebury Bw2 
horizons. It should be noted, however, that peaks of Fed (as well as 
of Al and Mn) at the Ap/Bw interface may be present in all profiles 
but only the Scituate soil was sampled at this point in the profile, 
based on observations of distinct changes in morphology (Appendix A). 
The content of Fed is highest overall in the Ridgebury profile, 
peaking just above the pan. In the Scituate soil, on the other hand, 
a pronounced zone of Fed depletion is present, centered in the 2CB 
horizon, while in the 2Cr2 a secondary peak occurs. This latter 
profile, as well as those of the Canton soil and Ridgebury Ap and Bw 
horizons, closely match the clay content profiles (Table 2). Thus, 
the amorphous to weakly-crystalline Fe and Al oxides extracted by the 
dithionate treatment appear to be closely associated with the clay 
fraction in these soils. Also of interest here are the nodular and 
banded plasma concentrations of Fed and Ald found in the Bwl and Bw2 
horizons of the Canton soil (Table B-4). EA and CEC are higher in 
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these features than in the surrounding soil matrix, and in the Fe- 
bands especially, Ca and Mg appear to have been retained (Table 4). 
Precipitation and Water Table Fluctuations 
Precipitation and water table data for 1985 and 1986 are shown in 
Fig. 11. The majority of water level data is from wells in the 
Ridgebury plot and so, most comments here concern this soil. 
Measurable water levels were observed infrequently in the Scituate 
soil and were never observed above the bedrock surface in the Canton 
soil. 
Total annual precipitation differed little either between 1985 
and 1986 or between these two years and the 57-year mean: 116.7, 
112.3, and 116.5 cm, respectively (Metro. Dist. Comm., 1986). Monthly 
totals, however, differed greatly in many instances between 1985 and 
1986 and versus the long-term mean. Of most significance here is the 
large difference in precipitation values for the period August to 
October: 15.3 cm in 1986, as compared to 28.6 and 29.0 cm, 
respectively, for 1986 and the 57-year mean, a difference of almost 
90%. July of 1985 and June of 1986 are among the ten wettest and 
January and April of 1985 among the ten driest months on record, and 
the storm that occurred on 5-8 June 1986 was among the largest 
measured for the month of June (Bradley et al., 1987). 
As expected, water table fluctuations closely matched those of 
precipitation, especially the occurrences of storms of moderate to 
large size, except during the dry season of 1986. Water levels for 
1986, however, although marked by the lower-than-normal amounts of 
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late summer precipitation, are more typical of the sigmoidal pattern 
observed commonly in the till-affected soils of the Northeast (Lyford, 
1964; Fritton and Olson, 1972; Mackintosh and van der Hulst, 1978; 
Leonard et al., 1984; Pickering and Veneman, 1984). Although 1986 was 
somewhat drier than 1985, water tables at depths above 45 cm were 
measured on six different occasions during that year, while in 1985 
measured water levels remained below 45 cm. During both years, it is 
probable that other incidences of high water levels of short duration 
(< 1 wk) may have occurred, particularly in response to storms on 
2/12, 5/21, and 11/16 in 1985 and on 3/14 and 12/1 in 1986. In the 
Scituate soil, water tables above 212 cm (the bottom of well 2b) were 
present occasionally and then, only after large storms. The highest 
water level measured in this soil was 145 cm on 8/2/85 and in the 
Ridgebury soil, 4 cm on 12/19/86. Water table fluctuations in the 
Ridgebury soil were most commonly observed between depths of 50 and 
130 cm, spanning the 2Bxl and 2Bx2 horizons, and a base level of 
approximately 230 cm was apparent during the dry season in 1986. 
There were some differences, by season, in the response of water 
levels to precipitation. During 1985 in the Ridgebury soil, for 
example, increasing amounts of precipitation were necessary to 
maintain water levels upon going from winter to summer months, and 
during the dry period of 1986, water table response to precipitation 
was particularly sluggish. Water levels in the Scituate soil, 
although present only after large storms, had a similar seasonal 
trend. Specifically, measurable water tables for this soil required 
precipitation amounts > 5 cm during the winter of 1985/1986 and 
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amounts > 9 cm during the summer months of both years, while following 
the dry spell in 1986, the 5.2-cm storm on 12/18 resulted in only a 
slight rise in the water table by 12/19. The seasonal response of 
water levels to precipitation is due to seasonal variations in soil- 
water storage, as will be mentioned in the next section. 
In contrast to the above, there appears to be little seasonal 
variation in the rates of water table decline, although some 
differences may not be apparent due to the lack of continuous data. 
When observable in the Ridgebury soil, the relatively high and 
values of the Bw and 2Bxl horizons (Table 3), respectively, as well as 
the presence of tile drains down to 55 cm (max.), results in a more 
rapid decline of the water table in these horizons versus the decline 
in the 2Bx2 and below. Consequently, with roots rarely extending 
below the 2Bxl horizon (Appendix A), evapotranspiration effects on 
water levels are indirect, at best. Also, declines in water levels 
due to frost-layer effects during the winter are not evident. In the 
Scituate soil, rates of water table decline are more rapid than at 
comparable depths in the Ridgebury, reflecting the high Ksat value of 
the Scituate substratum at depths below 220 cm (Table 3). 
Water levels in wells of the same set, although responding 
similarly to precipitation inputs and the subsequent dynamics of water 
table decline, rarely were at the same level on any given day of 
measurement (Fig. 11 and Table B-5). Reasons for these differences 
include: 
1. The datum for water table measurements for each well set was 
established using a level, resulting in a possible estimated 
error of +3 cm. 
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2. Deep ("b") wells were set to different depths (i.e., as deep as 
the till would allow) and, with perforated portions of these 
wells being fairly limited in extent (40-60 cm), differences in 
water levels due to piezometric head gradients are probable. 
3. Differences in water levels between both deep and shallow wells, 
between well 3a and the other two shallow ("a") wells in the 
Ridgebury soil especially, may be due to soil variability. The 
presence of such marked differences in water levels between wells 
2a and 3a (55 cm maximum and 19 cm on average, over a horizontal 
distance of only 3.5 m along the contour) introduces some 
uncertainty in relating this well data to morphological 
observations made in the sampling pit approximately 6 m away. 
However, this difference may not be especially significant, as 
the variation in water tables between 1985 and 1986 is much more 
than that between wells. 
4. Perched water tables may be a factor here but were present with 
some degree of certainty only during November of 1986, following 
the prolonged dry period. 
Lastly, water table rises in the Ridgebury soil due to 
contributions from lateral flow are not evident from this data. The 
few occasions where water levels were observed to rise without direct 
inputs from precipitation, during the periods 2/24 - 3/1/85 and 1/9 - 
1/20/86, for example, are due most likely to inputs from the melting 
of snow or of the frost layer, as temperatures were unseasonably high 
during these two periods (Metro. Dist. Comm., 1986) . 
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Soil-moisture Tension and Storage 
Plots of soil-moisture tension (\p) data for 1986 are presented in 
Fig. 12. The data for all three soils follow quite closely the 
sigmoidal pattern of water table response to precipitation in 1986 
observed in the Ridgebury soil (Fig. 11). The chief exception here is 
the earlier wetting of these profiles in October, that precedes the 
onset of the rise in water levels beginning in mid-November. Very 
similar >A values were obtained by Leonard et al. (1984) from 
comparable soils nearby. 
Fluctuations of 'A, both overall and in response to individual 
storms, were greatest in the Scituate soil and least in the Ridgebury. 
By horizon, as expected, the extent of these fluctuations decreased 
with depth in all three profiles. The largest differences in >A by 
depth between these soils occurred during the summer months, with 
maximum values (shallowest to deepest tensiometers) of 21.2-29.8, 
29.0-35.3, and 9.5-18.9 kPa measured on 10/3 in the Canton, Scituate, 
and Ridgebury soils, respectively. In contrast, Rvalues during the 
wetter periods were similar, with fluctuations most frequent between 
3.0 and 15.0 kPa in the Canton and Scituate profiles and between -5.0 
and 10.0 kPa in the Ridgebury. Based on this data for 1986, during 
the wetter summer of 1985 most likely did not exceed 16.0, 22.0, and 
12.0 kPa in the Canton, Scituate, and Ridgebury soils, respectively. 
In short, in most years it is probable that the lower horizons in all 
three soils stay at or near field capacity, 5.0-10.0 kPa (Gardner, 
1971; Webster and Beckett, 1972; Rose, 1979), except during the summer 
months. Also, in the Ridgebury soil extended periods of saturation to 
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Fig. 12. Soil-moisture tensions measured in major horizons of the 
Canton, Scituate, and Ridgebury pedons during 1986, plus 
precipitation levels. Histograms for daily, weekly, and 
monthly precipitation data are superimposed. The 57-year 
mean, by month, is denoted by broken line. 
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near-saturation were observed, especially in the substratum. In the 
Ridgebury substratum, because soil water is so tightly held at ’A < 
10.0 kPa (Fig. 5), saturated to near-saturated conditions exist at all 
times during the year. 
The relationships of soil wetness between and within these three 
soils is seen more clearly when selected tensiometer data are 
converted to profiles of soil water content for the dry periods of 
1986 (Fig. 13). In the Ridgebury soil it is seen that not only the 
substratum but also the Bw2 horizon, stays at or near-saturation for 
much of the year. In contrast, the Bw2 horizons of the Canton and 
Scituate soils are noticeably less saturated than the Ridgebury Bw2 
during the drier times of the year. On the other hand, at these times 
the 2Cr horizons of the Scituate soil are only slightly less saturated 
than the 2Bx horizons in the Ridgebury. 
In terms of available soil-moisture storage (S) at any given time 
during the year and especially during the drier periods: Canton (due 
to the sandy-skeletal 2Cr horizon) > Scituate > Ridgebury. The 
differences in storage, coupled with those of substrata permeability 
(Table 3), are the chief factors governing the seasonal differences in 
water table response to precipitation mentioned earlier. In the 
Canton soil, water tables were not observed due to S and Ksa^ values 
in the 2Cr horizon that can be assumed to be quite high. In the 
Scituate soil, a combination of relatively high S in the upper 
horizons and a moderately permeable substratum at near-saturation kept 
water levels from rising above a depth of 145 cm, generally, and much 
above 245 cm depth, specifically, during December of 1986 (Fig. 11). 
The water tables measured in this soil then, as in the Canton soil 
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upslope, are most likely bedrock controlled. In the Ridgebury soil, 
on the other hand, the sensitivity of water levels to precipitation 
and the fluctuations in the water table common to the 2Bx horizons, 
except during the dry spell in 1986, is clearly due to very low S and 
Kgat values in these horizons. During the dry period in 1986 in this 
soil, with water tables stabilized at approximately 2.3 m, sufficient 
soil-water storage was available to store what little rainfall there 
was. 
Vertical gradients of soil-moisture tension were upward in nearly 
every case in both the Canton and Ridgebury soils, with maximum 
gradients of -1.5 and -.031 cm cm"1, respectively, occurring in early 
September. In the Scituate soil, a much more complicated pattern 
emerges (Fig. 14). During the wetter periods gradients were upward 
generally, except during or just after heavy rainfall when slight 
downward gradients were observed between some horizons of this soil. 
However, during the drier period a sigma-shaped pattern emerges, with 
the 2CB and 2Cr horizons, by September, having higher t values than 
the adjacent overlying horizons. 
Variability in 4* between tensiometer pairs (by horizon) in each 
soil was evident on 7/2 and during the dry period, especially in the 
Scituate soil (Table B-6). The most pronounced variability (> 3.5 
kPa) was observed in the Scituate 2CB horizon between 8/29 and 10/17. 
Variability during a dry season, seen most clearly here in the dryer 
Scituate soil, is in accord with the findings of Webster (1966) and 
Yeh et al. (1986), namely that the variance of pressure head becomes 
larger as mean tension increases. 
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Dissolved Oxygen 
Dissolved oxygen (DO) data (Table 5) are sparse due to the 
necessity of having at least 20 cm of water in the wells for accurate 
measurements, which restricted measurements to only one well (4b) 
during the summer months of 1986. Also, the usefulness of the data is 
limited in that the measurements represent DO values of soil water 
only in the perforated portions of the wells used and so, almost all 
the values plotted are from water at depths > 165 cm. The soils in 
this study were not sampled or characterized at these depths. 
Furthermore, the only continuous record of DO measurements is from 
well 4b, situated approximately 24 m west of the well set in the 
Ridgebury pedon (Fig. 3). This well was used in an earlier study, 
where the soil about the well was neither described or sampled. 
However, high water levels in well 4b were very similar to those of 
well 2b in the Ridgebury set, with the most pronounced differences 
occurring during the dry period, when water levels in well 4b were 50- 
70 cm higher (Fig. B-l). 
Notwithstanding the limitations of this data, some distinct 
seasonal trends are apparent. During the period May through early 
August, DO was highest in the Scituate wells, intermediate in the 
Ridgebury wells, and lowest in well 4b. DO concentrations exhibited a 
gradual decline throughout the period, with a low of 3.55 mg l'1 
measured in well 4b on 9/5. As the soils wetted up in the Fall, DO 
(in well 4b) evidenced first, a moderate rise in September and October 
and then, a rapid rise in November and December, accompanying the 
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Table 5. In situ dissolved oxygen (DO) content and temperature (T) 
of soil water in the Ridgebury and Scituate pedons.^ 
Date 
Ridgebury welIs 
value at 
saturation lb 2b 3a 3ab 4b 
DO T DO T DO T 00 T DO T 00 T 
(bottom,cm) (212) (242) (94) (146) (242) 
4-11-86 NR 5.5 NR 5.2 - - NR 5.4 
5-02 9.3 7.2 9.3 6.7 - - 5.0 6.9 11.9 6.9 
08 9.6 7.8 8.3 7.2 - - 4.5 7.3 11.8 7.4 
16 (11.0) 8.2 9.2 7.7 - - NR 8.1 11.6 8.0 
20 (10.2) (9.0) 8.6 8.0 - - 4.3 8.3 11.5 8.3 
23 (10.7) (9.2) 8.9 8.3 - - NR 8.8 11.4 8.8 
27 (9.9) (io.i) 8.6 8.8 - - 4.7 9.2 11.3 9.2 
6-02 (10.0) (10.3) 8.6 9.1 - - 3.9 9.7 11.1 9.7 
05 (10 .9) (11.0) 8.5 9.8 - - 3.8 10.1 11.0 10.1 
09 8.5 10.4 8.5 10.1 8.9 13.3 5.6 10.6 10.9 10.4 
13 8.0 10.5 8.6 10.9 - - 6.1 10.8 10.8 10.7 
16 8.0 12.0 NR NR - - 5.3 11.2 10.7 11.4 
23 6.5 12.2 8.0 11.0 - - 5.0 11.8 10.6 11.7 
26 6.9 12.5 8.2 11.4 - - 5.4 12.0 10.5 12.0 
7-02 7.6 12.9 8.0 11.6 - - 4.1 12.3 10.4 12.3 
25 - - 7.7 13.3 - - 3.9 13.6 10.2 13.6 
8-04 8.2 14.8 6.7 13.7 - - 3.8 14.6 10.0 14.4 
15 - - (8.5) (14.6) - - 3.9 14.9 9.9 14.9 
22 - - (8.7) (14.8) - - 3.8 15.1 9.9 15.1 
9-05 - - (8.4) (14.9) - - 3.6 14.8 9.9 14.9 
19 - - - - - - 4.0 14.6 10.0 14.6 
10-03 - - - - - - 4.7 14.2 10.0 14.2 
17 - - - - - - 5.1 13.5 10.2 13.5 
11-01 - - - - - - 5.4 12.7 10.4 12.7 
13 - - (9.4) (11.9) - - (9.7) (10.8) 6.7 12.4 10.4 12.4 
12-05 10.0 9.1 8.7 9.9 12.2 6.5 9.6 8.1 10.5 8.7 11.3 9.2 
19 10.2 7.4 9.8 8.6 - - 10.0 6.6 13.5 5.4 11.8 7.1 
1-05-87 8.8 6.8 9.8 7.3 - - 7.9 5.5 7.3 6.6 11.9 6.9 
Scituate wells 
lb 2b 
value at 
saturation 
DO T DO T DO T 
(bottom,cm) (210) (260) 
6-09-86 10.7 10.4 10.3 10.9 10.9 10.4 
13 10.4 10.8 NR NR 10.8 10.7 
16 10.2 10.2 NR NR 10.7 11 .4 
23 - - 9.7 11.7 10.6 11.7 
26 - - 9.4 12.0 10.5 12.0 
t DO measured 
well not 
in mg 1~* and T in °C. NR 
yet installed, parentheses 
= not recorded, dash = well empty, blank = 
(DO and T) = water level < 20 cm above bottom of well. 
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rapid rise in water tables (Fig. 11). The decline in DO after 12/19 
coincides with the onset of freezing conditions in the soil. 
The relationship between inputs of well-aerated precipitation and 
soil-water DO is not clear based on this limited data. However, the 
seemingly contradictory responses of DO concentrations to the moderate 
to large-sized storms in June and early July, for example, probably 
reflects the complex interplay of the different modes of water table 
recharge: specifically, the interplay between recharge via 
macropores, where DO is little affected, and recharge via percolation 
through the soil matrix, where DO is utilized by microbes to some 
extent (Vepraskas and Wilding, 1983). In contrast, depth profiles of 
DO (Table B-7) show little relationship to precipitation inputs but, 
rather, appear to be seasonal. Namely, in those wells where on a 
given date variations in DO with depth were observed, DO was seen to 
increase down-profile between 6/13 and 7/2 and to decrease down- 
profile thereafter, except on 10/17 and 12/5. 
The change in DO concentration versus the number of well volumes 
pumped (Table B-8) is inconclusive as to the direction of the change, 
overall, on any given date. However, in well 4b DO was observed to 
decline with the first purging, in most cases, and to fully or 
partially recover with the second. Possibly the dip in the first 
recovery is attributable to well water that comes from a biologically 
active zone in the matrix most immediately adjacent to the boring. 
Lastly, even at the lowest values measured, 3.55 mg 1"^ in well 
4b, the soil water in these wells is at least moderately well aerated 
(Freeze and Cherry, 1979) and is far above the 0.2 mg l'1 
concentration necessary for reducing conditions to occur (Daniels et 
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al., 1973). However, as DO concentrations in soil water decrease, 
there is an increasing probability of reducing microenvironments being 
present in the soil below and just above the water table (J. Baker, 
1988, personal communication). 
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CHAPTER V 
DISCUSSION 
Moisture Regimes and Water Flow Patterns 
In the previous chapter a sequence of three soils along a 
hillslope transect was characterized, where the properties of each 
differed greatly one from the other. Specifically, depth to glacial 
till and bedrock and profiles of texture, percent coarse fragments, 
bulk density, pore-size distribution, permeability, and various 
chemical properties were all observed to differ considerably between 
these three soils. The surficial deposits on this hillslope, 
apparently, are highly anisotrophic. Such spatial variability in the 
physical and chemical characteristics of soils, on a hillslope scale, 
is not unusual in New England, particularly in soils developed in 
glacial till (Mader, 1963; Lyford, 1974). Marked anisotrophy in 
glacial till is to be expected due to the highly variable nature of 
this deposit. 
The particular hillslope stratigraphy described at this site-- 
that of a moderately shallow bedrock surface upslope and a coarse- 
textured till layer(s) over bedrock at footslope or over compact, 
medium-textured till at toeslope, all capped by a coarse-loamy upper 
soil layer--is common in the Central Highlands of New England (B. 
Stone, 1988, personal communication). Likewise, the hydrosequence of 
Canton-Scituate-Ridgebury and related soils that develop in this kind 
of stratigraphic sequence is common to predominant in this region (P. 
91 
Veneman, 1988, personal communication). That the stratigraphy of this 
hillslope is as described above was confirmed by observations made by 
the author and others in at least ten other excavations made within 
close proximity of the transect line used in this investigation. 
The morphology of each soil in this hydrosequence is, like all 
soils, a product of the various factors of soil formation: climate, 
organisms, relief, parent materials, and time (Jenny, 1941; Buol et 
al., 1980). Of these pedogenic factors, those most determinant in the 
differentiation of these soils are parent material and relief, 
principally because of the combined effect of these two factors on 
water movement and the resultant moisture regimes of each soil. Soil 
flora and fauna are a secondary differentiating pedogenic factor here 
in that their occurrence is governed by the moisture regimes of this 
hydrosequence. Yet, their characteristics, in turn, affect these 
moisture regimes by their control over evapotranspiration and by the 
creation of biopores, allowing for the preferential movement of both 
water and air. 
The moisture regimes and water flow patterns of this 
hydrosequence, although similar to those observed in comparable 
landscapes elsewhere in New England (Gile, 1958; Lyford, 1964; Patric 
and Lyford, 1980; Pickering and Veneman, 1984), are in many ways 
unique to the kind of hillslope stratigraphy described here. The main 
distinguishing hydrological feature of this sequence of soils is the 
paucity of high water tables measured in the two upslope positions, 
due to substrata there that are sufficiently permeable to allow the 
deep penetration of soil water percolation (Table 3). If the Ksat 
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values in Table 3 are representative, at least proportionally so, of 
the soils along this transect, then the high and of the Scituate 
soil, in particular, should result in a relatively rapid delivery of 
water downslope to the Ridgebury soil. Consequently, the water tables 
in the soils upslope are controlled by the underlying, fractured 
bedrock surface, in contrast to what is much more commonly ascribed, 
by the till. Fractures in the upper three meters or so of the bedrock 
at this site are probable and spaced approximately 0.5 to 1.0 m apart 
(P. Robinson, 1988, personal communication). 
Another distinguishing hydrologic feature is the near absence of 
perched water tables, with only one possible occurrence of this 
observed in November of 1986 in the Ridgebury soil (Fig. 11 and Table 
B-5). The absence of perched water tables in the Ridgebury soil, in 
particular, is most likely due to the moderate lateral permeability of 
the 2Bxl horizon (Table 3) and to the presence of a network of joints 
in the more compact underlying till. 
A third distinguishing hydrologic feature is the generally low 
soil-moisture tension (\f/) values measured in the upper soil horizons 
of each soil, even during the driest period of 1986 (Fig. 12). In 
contrast, Pickering and Veneman (1984), who studied a hydrosequence of 
medium-textured soils on a drumlin hillslope (West aspect) in west- 
central Massachusetts, measured higher tensions overall in soils 
moderately well to well drained, during a growing season (1982) wetter 
than that of 1986. Because vegetation at their site was quite similar 
to the present study site (abandoned and active orchard, 
respectively), the difference in \p of the upper soil horizons between 
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the two sites is attributable to the presence of fine over coarse- 
textured discontinuities in the two upslope soils of the present site, 
versus no such contrast at the drumlin site. When such a 
discontinuity is present, the hydraulic conductivity of the lower, 
coarser-textured layer during drainage is often less than that of the 
overlying finer-textured soil, so that the release of water from the 
upper horizon is impeded, leaving the horizon at or near saturation 
(Clothier et al., 1978; Bouma, 1983b). 
A physical property that is common to both sites above is the 
increase in the percentage of fines with distance downslope. In an 
earlier study by Veneman and Bodine (1982) at the drumlin site, these 
finer-textured deposits at footslope were described as layers of silty 
sediments alternating with those of coarser texture, indicative of 
colluvial deposits. In the present investigation, similar alternating 
bands of contrasting texture were observed in the 2CB horizon of the 
Scituate soil, while an overall and more uniform increase in fines was 
observed in and above the 2Bxl horizon of the Ridgebury soil (Table 
2). 
The increase in fines in the Ridgebury soil accompanied a 
decrease in horizontal permeability relative to the soils upslope 
(Table 3). If the same increase in fines with distance downslope 
observed along this transect is present over much of the hillslope 
under consideration here, then the soils of the toeslope area can be 
expected to impede lateral, downslope soil water movement. The 
presence of this hydraulic impediment, coupled with the decrease in 
gravitational head as the hillslope surface levels off, resulted in a 
shallow phreatic surface in the toeslope area. This is evidenced by 
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one, the frequent occurrence in the Ridgebury wells of water tables at 
depths above 130 cm during much of the year (Fig. 11) and two, by the 
presence of wet spots all along the toeslope area, with few observed 
anywhere else at this site, after storms of moderate to large size. 
Two other properties that the soils of this site have in common 
with other sites in similar landscapes in New England and elsewhere, 
are the low specific water capacities (Fig. 5) and related low soil- 
water storage capacities (Fig. 13) of both glacial till and fragipan 
substrata (Comer and Zimmermann, 1969; Grisak et al., 1976; Scotter et 
al., 1979; Leonard et al., 1984; Lindbo, 1989). It is to be expected 
then, that in glaciated regions where the present climate is humid and 
temperate or colder, substrata of dense glacial till or fragipan will 
stay at or near saturation for much, it not all of the year (Comer and 
Zimmermann, 1969; Leonard et al., 1984). Some implications of this 
observation for soils of this region affected by these deposits are: 
(i) rapid rises in water levels during and just after storm events, 
although a moderate-sized storm is sometimes necessary for this to 
occur during late-summer/early-fall if precipitation is unusually low; 
(ii) the use of till or fragipan Ksat; values is valid in computer 
models or in other predictive calculations regarding wastewater 
application, solute transport, watershed hydrology, and the like; and 
(iii) the potential for reducing conditions being present in these 
deposits is high, as long as an energy source for soil microorganisms 
is present. 
In the recovery tests used to measure Ksat in the Ridgebury soil 
(Table 3) the following was observed. First, the similarity in the 
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K *. values of well 3a with Kv of the 2Bxl horizon and of wells lb and 
sat n 
2b with the value of the 2Bx2, is due most likely to the governing 
influences of sand lenses and inter-prism joints over Ksat in these 
horizons, respectively. Second, the dissimilarity of the well 3ab 
K value with those for either 2Bx horizon is due probably to a 
direct hydraulic link between this well and the Bw2 horizon. Also, 
the relatively high Ksat_ values obtained from well 2b in the Scituate 
soil and from well 4b (soil series unknown) may be from highly 
pervious material that lies just above the paralithic contact with the 
underlying tonolite. 
The presence of preferential flow at various times during the 
year in the soils of this hillslope is probable but the only evidence 
of it functioning is indirect: i.e., the conductive pathways stained 
by dye in the Ksat samples (Figs. 6-9) and the nearly ubiquitous 
upward gradient of soil-moisture tension in these soils, even during 
most storm events (Figs. 12 and 14). 
The applicability of laboratory staining techniques to identify 
pathways of soil water movement and, in this case, of the Ksat data as 
well, is limited principally by the effect of sample size on macropore 
continuity patterns (Aubertin, 1971; Bouma, 1982). That is, even in 
samples of relatively large size (10-15 L) as were used here, it is 
certain that, to some extent, macropores that were discontinuous in 
the field were made continuous by being intersected by the vertical 
bounds of the sample, thereby enhancing soil-water flow. Conversely, 
some macropores that were continuous in situ were intercepted by the 
horizontal bounds of the sample, thereby diminishing the flow. Sample 
size can affect the continuity of other soil features involved in 
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preferential flow as well, including, in the present study, inter¬ 
prism joints and friable zones of coarser texture in the till/fragipan 
substrata (Figs. 7 and 8) and localized areas of lower bulk density in 
the upper soil horizons (Figs. 6b and 9). Care needs to be taken in 
making statements about pathways of preferential flow in soils, both 
saturated and unsaturated, based upon laboratory samples. 
Field evidence of preferential flow under unsaturated conditions 
is observable in the tensiometer data for each soil (Fig. 12). 
Specifically, the nearly constant upward gradients of soil-moisture 
tension (\f/) , even during or just after most storm events, reveals a 
redistribution of precipitation input that is too rapid to be 
accounted for by percolation through the soil matrix only; thus, 
preferential pathways must also be involved. Similarly, in the fine- 
tex.tured soils of the Willamette Valley in Oregon, Hammermeister et 
al. (1982a) suggested that the lack of response of >A to rainfall was 
due to infiltrating water bypassing most of the soil matrix via 
continuous macropores. However, at other times percolation through 
the soil matrix appears to be the dominant pathway, especially in the 
two coarser-textured soils, as downward *A-gradients were observed in 
the Canton and Scituate soils within a few hours after the moderate- 
sized storm on 7/2/86 (Figs. 12 and 14). 'Yet, a large-sized storm one 
month earlier (6/6), with pre-storm soil-moisture conditions very 
similar in both situations, caused no such reversal of the normal 
upward gradient. The lack of downward (A-gradients observed and thus, 
the greater likelihood of preferential flow functioning in the finer- 
textured and wetter Ridgebury soil, is not surprising because the 
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probability of preferential flow occurring in a soil in response to 
precipitation increases as both the percentage of fines and wetness 
increase (Aubertin, 1971; Beven and Germann, 1982; Bouma et al., 1982; 
Coles and Trudgill, 1985). 
It is likely then, that above the water table in these soils much 
of the precipitation input from storm events is routed vertically 
downward via macropores, while beneath the water table ground water 
flows laterally, chiefly through fractures in the bedrock and through 
joints and friable zones in the glacial till. Thus, in this kind of 
stratigraphy subsurface stormflow does not occur over dense till or 
fragipan at shallow depths, as observed in other areas of New England 
(Gile, 1958; Bornstein, 1964; Comer and Zimmermann, 1969; Leonard et 
al., 1984), rather, infiltrated water upslope percolates deeply before 
moving laterally downslope. In the toeslope area, although 
precipitation inputs encounter the water table at shallower depths, 
the slope here is nearly level and so, lateral soil water movement 
procedes slowly. Consequently, because of this flow regime the 
majority of the soils upslope (footslope and above) are well drained, 
while in the toeslope area the majority are somewhat poorly drained 
(Swenson, 1989). 
In landscapes like this the siting of private and public 
buildings, on-site wastewater disposal systems, roads, and the like 
would be difficult in the backslope area due to the shallowness to 
bedrock and in the toeslope area because of wet conditions arising 
from the shallowness to dense till. The soils in the footslope area 
are best suited for these purposes, and are being used for such 
purposes presently at this site, because here the soils are deep and 
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for the most part well drained. Contaminants from wastewater, 
pesticides, and other compounds, based on the soil-water flow regime 
described here, would be most troublesome (least attenuated) in the 
toeslope area because of the high probability of contaminated waters 
bypassing the soil matrix via macropores, leading to water tables that 
frequently are shallow. 
Morphological Evidence of Soil Moisture Regimes 
The recurrent high water tables and long-term near-saturation 
conditions in the toeslope area are evidenced by the commonness of 
mottling throughout the profile in the Ridgebury soil and, especially, 
by the presence of low-chroma mottles at fairly shallow depth (Table 
6). The 2-chroma mottles that begin at a depth of 47 cm in this 
profile correlate well with the upper end of the range of water table 
values most commonly observed, 50-130 cm (Fig. 11), indicating the 
presence of reducing conditions at some point during the growing 
season (Soil Survey Staff, 1981; Bouma, 1983a; Childs and Clayden, 
1986). More specifically, above a depth of 50 cm in the Ridgebury 
pedon the presence of channel and krotovina neoferrans are evidence of 
long-term near-saturated soil conditions, while below this depth ped 
and channel neoalbans are indicative of long-term periods of 
continuous saturation (Richardson and Hole, 1979; Bouma, 1983a; 
Pickering and Veneman, 1984). These feature-related mottling patterns 
are in accord with what was observed in the soil moisture tension data 
(Figs. 12 and 13). 
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Based on the above observations, soil color patterns in the 
Ridgebury profile serve as reasonably accurate indicators of the 
present soil moisture regime. Prior to University ownership of this 
site in 1964, and the subsequent installations of artificial drainage, 
the soils in the toeslope area were definitely wetter, at least during 
the spring (R. Fay, 1987, personal communication). Even so, prior to 
1964 it is unlikely that water tables in the soils upslope remained in 
the soil solum (i.e., above 100 cm) for very long, if at all. If this 
was the case, then, based on the present data (Fig. 11), the soils of 
the footslope area are mapped incorrectly: i.e., moderately well 
drained (MWD) Scituate instead of well drained (WD) Canton (Swenson, 
1989) . 
Whether mapped incorrectly overall or not, the possibility exists 
of assigning a MWD class to soils such as the Scituate, where water 
tables are rarely present in the solum, because of the mottling that 
arises due to near-saturated and hence, reducing conditions that often 
occur in soils overlying a coarse-textured horizon (Vepraskas et al. , 
1974; Clothier et al., 1978; Bouma, 1983a). In addition, the olive 
(5Y 5-7/2) matrix colors of the Scituate 2CB and 2Crl horizons are 
attributable more to the tonolite mineralogy that dominates these 
layers than to prolonged wet conditions (Caggiano, 1978) and could be 
misinterpreted also. Further upslope, the distinct low-chroma mottles 
observed in the Bw22 horizon of the Canton soil are most probably due 
to the abrupt textural discontinuity, although the iron-encrusted 
layers in this horizon impede downward soil-water movement to some 
extent as well. The tensiometer data for both the Scituate and Canton 
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soils (Figs. 12-14) reveals the moisture-impeding effects of the 
coarser-textured layer, as described above, to a limited degree but 
possibly not accurately, as plotted, due to depths of tensiometer 
placement that are less then satisfactory for this purpose. 
The accumulation of iron (ped and channel ferrans and 
ferriargillans) in the upper portions of the substrata in the Scituate 
and Ridgebury soils observed in the field (Appendix A) is due most 
likely to enrichment by illuviated Fe. Although a downward 
translocation of Fe is probable in both soils, the two to three times 
higher amount of citrate-dithionate extractable iron (Fe^) in the 
Ridgebury substrata (Fig. 10, Table B-4) is evidence for the 
occurrence of lateral and upward Fe migration also. Thus, the Fe^ 
peak present in the overlying Bw2 horizon may well be due to an upward 
translocation of Fe from Fe-enriched ground water in the substratum. 
Such a mechanism for Fe enrichment in soils very similar to those 
studied here (as described earlier) was postulated by Pickering and 
Veneman (1984). These authors proposed that Fe reduced in the 
saturated zone perched above the drumlin-till substratum, first moved 
laterally into the wetter soils downslope and then upward into the 
more oxidized unsaturated zone, where it precipitated. The Fe- 
enriched soil water moved upward along a moisture gradient directed 
towards the soil surface due to evapotranspiration effects. The 
nearly constant upward-directed gradients of soil water tension 
observed in this study (Fig. 12) support this hypothesis. 
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CHAPTER VI 
CONCLUSIONS 
Many of the soils in the hills of central New England are 
underlain at fairly shallow depth by sandy till and/or bedrock upslope 
and more compact and finer-textured till further downslope. The 
hydrology in such hillslopes differs from that depicted commonly in 
other areas underlain by glacial till in this region, where a 
substratum of dense till occurs throughout, especially if the 
underlying bedrock is fairly permeable. An example of this is the 
present study site, a hydrosequence of three soils along a transect 
running from the backslope to the footslope of a drumloidal hill in 
west-central Massachusetts. Precipitation infiltrating into the soils 
upslope percolates downwards, sometimes deeply, to a fractured bedrock 
substratum and then laterally (downslope) within or just above this 
substratum. In the toeslope area this lateral movement of ground 
water slows due to a reduction in lateral permeability, as it 
encounters surface soils that are loamier and subsurface layers that 
are both loamier and more dense than the soils upslope. As a result 
of the impedence of lateral flow and the decrease of the gravitational 
head in this area, periodically high water tables were observed 
throughout the year in and about the Ridgebury pedon. In contrast, 
measurable water tables were infrequently observed further upslope. 
Based on data for the Ridgebury soil, Fe present in the ground 
water of the toeslope area appears to migrate upward from the 
saturated to near-saturated substratum, along a nearly constant upward 
103 
gradient of soil moisture tension, into the more oxidized unsaturated 
zone above, where it precipitates. Also, perched water tables in the 
Ridgebury soil were rarely observed, due most likely to the presence 
of laterally-trending joints and sand lenses of moderate permeability 
in the upper portion of the substratum. 
All three soils along the transect remained quite moist 
throughout the year. In the Ridgebury soil, the periodic high water 
tables resulting from the low permeability and accompanying low soil- 
moisture storage and specific water capacities of the till/fragipan 
substratum, lead to near-saturated soil conditions for much of the 
year, especially below the 45 cm depth. This is apparent from the 
highly mottled appearance, both low and high chroma, of the Bw2 and 
2Bxl horizons in this soil, indicative of the presence of reducing 
conditions at some time during the growing season. Preferential flow 
is more likely to be operative in this soil because it is loamier and 
stays wetter than the soils upslope. This is evidenced by the dye- 
staining of macropores and other pathways of preferential flow and by 
gradients of soil moisture tension that remained upwards even during 
and after most large storms. 
In the Scituate and Canton soils, on the other hand, the upper 
horizons stayed at or near field capacity (5-10 kPa) for much of the 
year, due to the presence of underlying horizons of coarser texture 
impeding the downward movement of soil water under unsaturated 
conditions. The low-chroma mottles present just above these coarser- 
textured layers, especially in the Canton soil, are misleading in that 
they do not indicate periodic high water tables but rather long-term 
conditions of near-saturation. 
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APPENDIX A 
Soil Profile Descriptions 
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Canton fine sandy loam, variant 
Location: Horticultural Research Center, Belchertown, Hampshire 
County, Massachusetts (42°15'15" N, 72°21'37" W) 
Classification: Typic Dystrochrept (coarse-loamy over sandy- 
Drainage: 
skeletal, mixed, mesic) 
Well drained 
Position in landscape: Backslope 
Slope and aspect: 8%, West 
Elevation: 206 m (677 ft) 
Land use: Orchard 
Date: October 1985 
Horizon Description 
Ap 0 to 19 cm; dark yellowish brown (10YR 4/4) fine sandy 
loam; weak medium to very coarse platy (with depth), 
parting to weak medium granular structure; friable; many 
very fine to common fine channels; 8-10% gravel; many 
very fine roots; abrupt slightly wavy boundary. 
Bwl 19 to 39 cm; yellowish brown (10YR 5/6) fine sandy loam; 
common fine to coarse faint irregular yellowish brown 
(10YR 5/4) mottles; weak very coarse platy structure, 
grading to massive with depth; friable; many very fine to 
fine and common medium channels and roots and somewhat 
common medium to coarse chambers; 5-6% gravel; common 20- 
25 mm diam. dark yellowish brown (10YR 4/4) krotovinas; 
gradual wavy boundary. 
Bw2 39 to 58 cm; yellowish brown (10YR 5/4) very fine sandy 
loam; common medium prominent light brownish gray (2.5Y 
6/2) mottles, often with thin prominent yellowish red 
(5YR 5/8) rinds, are most evident in association with a 
number of 5 to 12-mm wide, somewhat wavy and 
discontinuous, very firm strong brown (7.5YR 5/8) 
ferruginous bands that mark the lower half of the 
horizon; massive to weak coarse platy structure with 
depth; friable to firm; many very fine and common fine to 
medium channels; 2-3% gravel; coarse to very coarse 
angular firm brown (7.5YR 5/4, 10YR 5/8 rubbed) nodules 
are common in the upper half of this horizon and in the 
lower part of the Bwl horizon; krotovinas, as above, but 
less common; many very fine to fine roots; clear wavy to 
irregular boundary. 
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2BC 
2Cr 
Remarks: 
58 to 70 cm; light olive brown (2.5Y 5/4) very fine sandy 
loam; common fine to medium prominent diffuse strong 
brown (7.5YR 5/8) mottles; weak medium platy structure; 
friable (m) , hard (d) ; many very fine to fine vesicular 
to oblong vughs, also few very fine to fine channels and 
brown (10YR 5/3) krotovinas, the latter are frequently 
encircled by clear distinct yellowish red (5YR 5/8) 
neoferrans; <1% coarse fragments; very fine to fine roots 
found most often within krotovinas; clear wavy but broken 
boundary. 
70 to 120+ cm; light olive brown (2.5Y 5/4, rubbed) 
saprolite, that coarsens and becomes firmer with depth; 
the material at the top of this horizon is free grain, 
having a gravelly loamy coarse sand texture, and is 
capped by a fairly continuous 1 to 3-mm thick layer of 
highly vesicular greenish gray (5GY 5/1) fine silt or 
clay, while at 120 cm cobbles and boulders predominate; 
few to common fine roots, decreasing in occurrence with 
depth. 
This soil is a variant in that the 2BC horizon is not 
glacial till, being relatively well sorted, and due to 
the presence of a paralithic contact at 70 cm. The soil 
more closely fits the characteristics of the Chatfield 
series but Canton soils are most commonly mapped on the 
backslope of this hill. The nodules in the lower- 
Bwl/upper-Bw2 horizons slake in water. The Bw2 horizon 
contains a fairly large (approx. 12 by 45 cm) lense of 
2BC material. Iron-encrusted bands in the Bw2 also 
extend partway into the 2BC in places. The discontinuity 
noted in the 2BC horizon is based on the well-sorted 
character of this layer. The low-chroma mottles observed 
are due most likely to the near-saturated conditions 
resulting from the sharp textural break between the Bw2 
and lower horizons. Tonolite (quartz diorite) doesn't 
dominate the mineralogy of the coarse fragments in the Ap 
and Bw horizons as it does in the other two soils 
described. Below the Bw2 horizon however, tonolite is 
the dominant mineral, by far, comprising the coarse 
fragment fraction. 
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Scituate fine sandy loam 
Location: Horticultural Research Center, Belchertown, Hampshire 
County, Massachusetts (42°15'15" N, 72°21'37" W) 
Classification: Aquic Dystrochrept (coarse-loamy over sandy, 
Drainage: 
mixed, mesic) 
Moderately well drained to well drained 
Position in landscape: Footslope 
Slope and aspect: 5%, West 
Elevation: 196 m (644 ft) 
Land use: Orchard 
Date: November 1985 
Horizon Description 
Apl 0 to 23 cm; dark brown (10YR 3/3) loam; weak coarse to 
very coarse platy, parting to weak medium granular 
structure; friable; many very fine to fine channels and 
roots; 2-3% coarse fragments; clear somewhat wavy 
boundary. 
Ap2 23 to 27 cm; very dark brown (10YR 2/2) fine sandy loam; 
this horizon was differentiated from the Apl based 
primarily on the distinct decrease in value and chroma, 
occurring as densely clustered, vertically oriented 
bands; clear smooth boundary. 
Bwl 27 to 51 cm; the top 2 to 5 cm is often strong brown 
(7.5YR 5/8), below this ped interiors appear yellowish 
brown (10YR 5/6) and ped exteriors dark yellowish brown 
(10YR 3/6), fine sandy loam; weak coarse subangular 
blocky structure; friable; many very fine to fine and 
common medium to coarse channels; 5-6% coarse fragments; 
common (3-4%) medium oblong yellowish red (5YR 5/7) 
nodular bodies; common medium (2-15 mm diam) to few 
coarse (40-50 mm diam) dark brown (10YR 4/3) krotovinas; 
common very fine to coarse roots; gradual wavy boundary. 
Bw2 51 to 72 cm; light olive brown (2.5Y 5/4) sandy loam 
(fine sandy loam at top, grading to gravelly loamy sand 
with depth); common medium to coarse yellowish brown 
(10YR 5/7) and few fine to medium distinct oblong light 
brownish gray (10YR 6/2) mottles; weak coarse subangular 
blocky structure to massive, with depth; friable to very 
friable with depth; common very fine to coarse channels; 
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2CB 
2Crl 
2Cr2 
12% gravel, 5% cobbles and larger; few to common (2%) 
fine red (2.5YR 4/8) nodules (in fsl); common 1-1.5 cm 
diam. very dark grayish brown (10YR 3/2) and 5-10 cm 
diam. yellowish brown (10YR 5/7) krotovinas, the latter, 
in two places, led to approx. 25 x 25 cm, roughly 
trapezoidal (in profile) backfilled burrows of the same 
color; few to common very fine to coarse roots; some 
channels, roots, and smaller krotovinas are encircled by 
distinct strong brown (7.5YR 5/7) quasiferrans; gradual 
irregular (involuted) boundary. 
72 to 115 cm; complex of interstratified bodies of olive 
(5Y 5/3) finer-textured material and light gray (5Y 7/2) 
coarser-textured material, gravelly loamy sand overall 
but becoming finer textured with depth as the finer- 
textured bodies (bands and lenses) increase in size; many 
prominent yellowish brown (10YR 5/8) neoferrans diffuse 
into these finer-textured bodies, in the upper part of 
the horizon especially, while medium prominent sub¬ 
rounded strong brown (7.5YR 5/8) mottles become more 
common with depth; massive; finer-textured bodies are 
firm, coarser-textured domains are friable; common very 
fine to medium channels; many thin prominent strong brown 
(7.SYR 4/6) channel ferriargillans and light olive gray 
(5Y 6/2) silt caps; 12% gravel, 8-9% cobbles, 
predominately subangular, rotten tonolite; krotovinas, as 
above, but here the narrower, darker-colored ones are 
found within the larger krotovinas and no chambers were 
observed; common very fine to coarse roots, with some 
preference for krotovinas; clear slightly wavy boundary. 
115 to 137 cm; lenses of light olive brown (2.5Y 5/6) 
finer-textured material (65%) in an olive to olive gray 
(5Y 5/2-3) matrix of coarser texture (35%) , stony fine 
sandy loam overall; common fine to medium prominent 
subrounded strong brown (7.5YR 4/6) mottles; weak coarse 
lenticular structure; firm (m) , slightly hard (d) ; many 
very fine to fine vesicles and common (4%) very fine to 
fine channels; many yellowish brown (10YR 5/8) ped and 
channel ferriargillans, yellowish red (5YR 4/6) channel 
ferrans, and thin (0.5-mm thick) greenish gray (5GY 5/1) 
silt caps, common ped mangans and diffuse dark reddish 
brown (5YR 3/3) krotovina neoferrans; 6-7% gravel, 20% 
cobbles and stones; krotovinas as above but half as 
common (4-5%); common fine to medium roots show decided 
preference for krotovinas; clear wavy boundary. 
137 to 170 cm; olive brown (2.5Y 4/3), grading to light 
olive brown (2.5Y 5/4) at ped exteriors, stony sandy 
loam; many coarse distinct strong brown (7.5YR 5/6) 
streaks and ped ferrans and common ped mangans; moderate 
coarse to very coarse lenticular structure, showing some 
weak medium platiness when wet; stiff and very firm (m) , 
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2C3* 
2Cr4* 
2C5* 
2Cr6* 
Remarks: 
very hard (d) ; many very fine to fine vesicles occur 
within peds, common very fine to medium channels and 
roots show preference for interpedal areas; common silt 
caps, as above, and prominent strong brown (7.5YR 5/8) 
channel ferriargillans and few channel neoalban- 
quasiferrans; 25% coarse fragments, noticeably more 
angular and feldspathic than other horizons described at 
this site; krotovinas, as above, were observed down to 
141 cm. 
170 to 205 cm; material is quite similar to that in the 
2CB horizon, with little mottling. 
205 to 225 cm; matrix colors are of lower chroma and a 
bit more greenish than above, while fines and firmness 
increase; rusty-colored mottling reoccurs, some as ped 
ferrans, beginning at 215 cm. 
225 to 255 cm; 2CB-type material again, with a noticeable 
increase in coarse sand (mostly quartz) and gravel. 
255 to 262 cm; another increase in fines and firmness, as 
in 2Cr4; encountered rock (or bedrock?) at 262 cm. 
This soil deviates from the standard definition of the 
Scituate series in that the sandy 2CB horizon is 
generally friable and shows much evidence of being 
reworked by water and possibly by mass wasting. 
Furthermore, the low-chroma mottles in the Bw2 horizon 
may be due solely to the moisture-arresting properties of 
this 2CB layer when unsaturated, which would place this 
soil in the well drained Montauk series. Large fragments 
of the Bw2 horizon were found occasionally within the 
upper part of the 2CB. Soil animal activity was most 
evident and varied of the three soils described at this 
site. In nearly every case, silt caps in the subsoil 
were found on the tops and sides of stones, while 
underneath a thin lag deposit of medium to coarse sand 
was observed. The iron mottling and staining in the 2Cr2 
horizon is most evident at the top of the horizon. Peds, 
coarse fragments, and bodies of coarser texture within 
the 2Cr horizons show clearly a dip to the northwest. 
^Described from materials augered from bottom of observation pit. 
Ridgeburv loam 
Location: Horticultural Research Center, Belchertown, Hampshire 
County, Massachusetts (42°15'15" N, 72°21'37" W) 
Classification: Aerie Fragiaquept (coarse-loamy, mixed, mesic) 
Drainage: Somewhat poorly drained 
Position in landscape: Toeslope 
Slope and aspect: 2%, WSW 
Elevation: 190 m (622 ft) 
Land use: Orchard 
Date: September 1985 
Horizon Description 
Ap 
Bwl 
Bw2 
0 to 22 cm; very dark grayish brown (10YR 3/2) loam; 
common fine distinct yellowish red (5YR 4/6) mottles and 
fine prominent red (2.5YR 4/8) channel neoferrans; weak 
to moderate coarse platy, parting to weak fine to medium 
granular structure; friable to firm; 2% coarse fragments; 
common very fine to medium roots; abrupt wavy boundary. 
22 to 37 cm; yellowish brown (10YR 5/6) loam; common fine 
to medium distinct strong brown (7.5YR 5/8) and fine 
prominent red (2.5YR 4/8) mottles and, beginning at 
approx. 33 cm, few diffuse krotovina neoferrans and 
medium distinct grayish brown (2.5Y 5/3) mottles; weak 
coarse subangular blocky structure; friable; common to 
many very fine to medium pores; 3-5% coarse fragments; 
common 5 to 25-mm diam. very dark grayish brown (10YR 
3/2) krotovinas; common (in matrix) to many (in 
krotovinas) very fine to fine roots; gradual wavy 
boundary. 
37 to 51 cm; light olive brown (2.5Y 5/5) loam; many 
medium to coarse prominent strong brown (7.5YR 5/8) and 
common medium faint grayish brown (2.5Y 5/3) mottles and, 
beginning at approx. 47 cm, common medium distinct 
grayish brown (2.5Y 5/2) mottles, common prominent 
yellowish red (5YR 5/8) channel quasiferrans, and coarse 
red (2.5YR 4/8) rock ghosts; weak fine to medium 
subangular blocky structure; friable; pores as in Bwl; 6- 
8% coarse fragments, some as boulders of tonolite; 
krotovinas, some 40 mm wide, generally terminate at the 
bottom of this horizon, two of the larger ones were 
observed to trend laterally just above the 2Bxl horizon; 
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2Bxl 
2Bx2 
few to common (in matrix) to abundant (in krotovinas) 
very fine to fine roots; clear wavy boundary. 
51 to 88 cm; mixed zone of dense, compacted plates and 
lenses of olive brown (2.5Y 4/3) to olive (5Y 5/3) 
medium-textured material (60%), much mottled with Fe and 
Mn stains on ped exteriors, and light olive brown (2.5Y 
5/4) loamy sand (30%) interspersed with 1 to 4-cm wide 
bands of poorly stratified strong brown (7.5YR 5/8) 
medium sand and olive gray to gray (5Y 5/1-2) coarse- 
silty material (10%), stony fine sandy loam texture 
overall; moderate to strong coarse (8 to 12-mm thick) 
platy structure is present at the top of this horizon, 
with platy peds getting thicker but fading in expression 
with depth to a moderate coarse (35 x 50 mm) obliquely- 
oriented angular blocky structure, and superimposed on 
both types is a crude prismatic structure that increases 
in expression with depth, where at the bottom of the 
horizon it occurs as roughly polygonal-shaped prisms 40- 
60 cm in diameter; consistence varies from friable to 
very firm (m) , hard to very hard and brittle (d) ; very 
fine to fine channels are common within the friable 
materials (including prism face material), sometimes 
interconnecting larger (2-5 mm diam.) irregular vughs in 
a tuberous root fasion, while very fine to fine vesicles 
are common in the firmer material, especially at the top 
of the horizon; many ped, channel, and vugh and common 
vesicle argillans, frequently stained with Fe and Mn, 
with some pores <1 mm completely plugged with fines; 
distinct gray to greenish gray (5Y-GY 5-6/1) channel 
neoalbans and prism-face material with prominent 
yellowish red to strong brown (5-7.5YR 5/6) rinds are 
common beginning at 70 cm; some 8 to 15 mm diam. 
krotovinas, often loosely filled with a mixture of dark 
reddish brown (5YR 3/3) organic matter and very coarse 
sand, were observed in the friable material; 15-18% 
coarse fragments, including occasional boulders of 
tonolite; very fine to fine roots are limited to 
krotovinas and other friable areas; abrupt wavy boundary. 
88 to 115+ cm; olive (5Y 5/3) fine sandy loam; prismatic 
structure, as described above, is fully expressed, with 
the tops of the prisms marked by moderate coarse platy 
structure, the exteriors by 5 to 15-mm wide prominent 
diffuse strong brown (7.5YR 5/8) ped neoferrans, and the 
interpedal area by greenish gray (5GY 6/1) material, 
texturally indistinct from the ped matrix; very firm (m), 
extremely hard (d) , and brittle (m,d); common very fine 
to fine vesicles, often appearing to delineate platy 
structural planes, and (less common) medium to coarse 
isolated (intrapedal) are interconnected (interpedal) 
vughs; vesicles along structural planes at the top of the 
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Remarks: 
horizon and interconnected vughs are frequently coated 
with fines, also ped skeletans occur, as above; 8-10% 
coarse fragments; no roots or krotovinas were observed. 
The 2BxT horizon is quite similar to the 2Crl horizon of 
the Scituate soil, except for the non-fragic character of 
the latter. Ped argillans are common in the upper part 
of this horizon, generally on upward-facing surfaces, 
while ped skeletans are common on downward-facing 
surfaces, argillans are present also on prism faces. The 
prism neoferrans present in the 2Bx horizons are often 
iron-cemented. Stones within the more friable materials 
of the 2Bx horizons typically are underlain by 5 to 25-mm 
thick lag deposits of coarse sand, often partially to 
completely separated from the overlying stones by 
relatively large cavities, some 18 mm high. The coarse 
fragments in the 2Bx2 horizon were of cobble size or 
smaller and appeared more highly weathered than those in 
the overlying horizons. 
During the summer of 1986, an additional pit was 
excavated for Ksat samples approx. 6 m upslope from the 
original one. In this profile, the Bw2 horizon was less 
highly mottled than the one described above and the 2Bxl 
horizon extended from 60 to 120 cm. The morphology of 
the 2Bxl horizon, however, was very similar to the 2Bxl 
described above and notes made about it during this 1986 
excavation follow: 
Iron staining was most pronounced in the upper half 
of the horizon, occurring as: yellowish red (5YR 4-5/6- 
8) ped ferrans, strong brown (7.5YR 5/8) to brownish 
yellow (10YR 6/8) ped and channel ferriargillans, and 
yellowish brown (10YR 5/8) ped neoferrans immediately 
adjacent to bodies of coarser-textured, more friable 
material. Manganese staining was present throughout the 
horizon, increasing in prominence with depth, occurring 
(with Fe?) as: dark brown (10YR 3/3) to very dark brown 
(7.5YR 2-3/2) ped mangans, reddish black to very dusky 
red (10R 2.5/1-2) channel mangans, and, in the lower half 
of the horizon, very dark brown (10YR 2/2) stains on 
channel argillans, the latter now light olive brown (2.5Y 
5/6) to olive (5Y 5-6/3) due to a marked decrease in 
ferric iron. During extensive handling of the soil 
material while carving out the soil columns, I commonly 
observed free water only within channels and vughs and on 
ped surfaces. The matrix adjacent to these features, 
including prism face material, was noticeable drier, 
implying that channels, vughs, and interpedal voids are 
the main conducting pathways for this horizon. A mole 
cricket, 5 cm long, was found burrowing in friable 
material at 100 cm. The deposits in this horizon showed 
crude stratification with a dip between South and West. 
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Table B-2. Mean equilibrium water content (vol. %) at designated 
pressures, based on data from soil clods (10-100 kPa) 
and disturbed soil (>100 kPa). 
Pressure head, kPa 
Horizon Depth o.o1" 10.0 36.0 1 67.0 100 300 500 1500 
cm 
Canton 
Ap 0-19 46.0 43.8 33.0 29.4 23.8 9.4 7.7 5.4 
Bwl 19-39 47.9 40.2 26.8 21.7 19.7 9.7 7.5 5.0 
Bw21_ 
Bw22^ 
2BC 
39-46 46.8 32.0 21.0 16.5 13.8 8.3 6.6 4.9 
46-58 
58-70 
42.3 
37.4 
25.5 
27.5 
14.3 
21.5 
12.0 
20.0 
10.2 
18.0 4.7 3.8 2.8 
2Cr 70-120+ 35.8 18.0 9.9 8.6 7.3 5.5 4.4 3.7 
Scituate 
Apl 0-23 53.1 35.5 30.3 27.5 24.5 17.5 15.0 12.2 
Ap2 23-27 54.7 34.3 29.3 26.0 23.8 15.9 13.8 10.2 
Bwl 27-51 54.7 32.3 26.0 22.5 20.7 10.4 8.8 6.4 
Bw2 51-72 53.2 24.3 20.0 18.7 18.0 5.9 4.2 2.8 
2CB 72-115 40.0 28.7 24.0 21.5 19.3 4.7 2.8 1.9 
2Crl 115-137 31.5 29 .'5 27.0 26.0 24.5 8.0 4.3 2.2 
2Cr2 137-170 33.5 32.5 31.0 29.8 27.7 12.4 9.5 6.0 
Ridgebury 
w~ 
i* 
0-22 54.0 39.3 31.7 26.5 23.3 18.8 15.5 
Bwl 22-37 50.6 41.3 31.3 21.0 17.7 13.7 12.1 
Bw2 37-51 47.2 42.3 32.7 23.0 19.3 14.0 11.7 
2Bxl 51-88 29.0 30.0 28.0 27.7 27.6 13.7 11.5 - 
Ridgebury 
~m- 
II# 
60-80 31.7 32.0 30.0 27.3 26.0 
2Bxl 80-120 29.0 30.3 29.0 27.0 26.7 _ _ 
2Bxl(fr) li 29.3 27.3 25.7 24.7 23.9 - - - 
"'"Calculated from bulk density values. Particle density of 2.7g cm-3 was 
+ assumed for glacial till samples. 
^Pressure of 33.0 kPa was used with Canton samples. 
^Values at > 100 kPa are from undifferentiated Bw2 bulk sample. 
"Values of 1500 kPa are missing for Ridgebury soil due to equipment failure. 
#Clod samples only, from 1986 excavation for Ksat cubes; fr=friable zone. 
Table B-3. Vertical (v) and horizontal (h) saturated hydraulic 
conductivity values, arithmetic and geometric means, and 
coefficients of variation for selected horizons in the 
Canton, Scituate, and Ridgebury pedons using the Cube 
Method and. in wells, the Auger-hole Method. 
Horizons 
and wells 
measured 
Depth 
sampled 
Direc-, + 
tionT Individual values-*- 
Arith. 
mean 
Geom. 
mean 
Coef 
var.S 
of 
Canton 
cm cm/n To 
"Bw 25-50 V 3.26, 3.48, 11 .67 6.14 5.10 /8.1 
h 3.73, 4.70 4.21 4.21 16.4 
Scituate 
Bw """ 32-58 V 18.8, 20.8 19.8 19.8 7 .U3 
h 8.32, 22.7 15.5 15.5 65.8 
2CB 80-105 V 6.23, 7.75, 12.4 8.78 8.42 36.4 
h 13.4, 16.1, 19.5 16.3 16.1 18.8 
2Cr 120-145 V 0.567, 0.581, 1.83 0.991 0.844 73.0 
h 2.25, 3.00, 5.55 3.60 3.35 48.1 
well 2b h 69.6(1/8), 82.5(6/9) 76.0 76.0 11.9 
Ridgebury 
Bw 25-50 V 3.97 , 13.8, 34.0 17.3 12.3 88.7 
h 0.464, 1.13, 4.23 1.94 1.31 103 
2Bxl 58-83 V 0.0275, 0.0874, 0.353, 0.427 0.224 0.138 87.6 
h 0.297, 1.44, 1.47, 2.78 1.50 1.15 67 .7 
well 3a 51-95 h 0.960(6/9) - “ 
2Bx2 93-118 V 0.345 • 
h 0.057 
well 3ab 95-146 h 3.25(1/8) - - — 
well lb 161-212 h 0.556(5/8), 0.485(5/16) 0.520 0.520 9.65 
well 2b 181-242 h 0.125(6/9), 0.143(5/2), 
0.167(1/8) , 0.374(5/8) 0.202 0.214 57.4 
well 4b 140-210 h 9.78(1/8), 25.0(6/9) 17.4 17.4 61.7 
twells were perforated on sides only (bottoms were capped), h is assumed. 
+Dates in parentheses after the K values from wells, are for the year 1986. 
§Coefficients given are those of the arithmetic mean. 
117 
Table B-4. Results of sodium pyrophosphate and dithionate-citrate 
extractions. 
Pyrophosphate- 
extractable Dithionate-extractable 
Horizon Depth Fe A1 Fe A1 Mn 
cm % - ■ 
Canton 
W~ 0-19 .092 .196 .524 .252 .005 
Bwl 19-39 .043 .108 .598 .196 .007 
Bw2 39-58 .030 .089 .572 .162 .010 
Nodules 33-47 .036 .109 .689 .223 .014 
Fe-bands 47-60 .038 .088 .875 .198 .019 
2BC 58-70 .021 .076 .253 .121 .006 
2Cr 70-120+ .018 .062 .197 .091 .005 
Scituate 
ApT" 0-23 .257 .362 .847 .453 .047 
Ap2 23-27 .355 .485 .894 .584 .060 
Bwl, top 27-32 .283 .400 .785 .505 .021 
Bwl 32-51 .192 .304 .625 .399 .016 
Bw2 51-72 .046 .113 .221 .159 .002 
2CB 72-115 .011 .051 .122 .062 .004 
2Crl 115-137 .007 .050 .127 .055 .002 
2Cr2 137-170 .013 .065 .361 .094 .009 
Ridgebury 
w~ 0-22 .359 .182 .855 .418 .018 
Bwl 22-37 .237 .126 .886 .372 .006 
Bw2 37-51 .212 .095 1.023 .309 .003 
2Bxl 51-88 .028 .012 .622 .058 .007 
2Bx2 88-115+ .011 .011 .456 .042 .010 
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Table B-5. Water table data from wells set at the top of (a) 
and within (b) the glacial till substratum of the 
Scituate and Ridgebury pedons.^ 
Scituate wells 
Date lb 2b 
Ridgebury Wells 
la lb 2a 2b 3a 4b 
(bottom) (212) (264) 
1- 07-85 
13 
22 
28 
2- 06 
15 
24 
3- 01 
08 
15 
22 
29 
4- 05 
12 
19 
26 
5- 03 
10 
17 
24 
31 
6- 07 
14 
21 
28 
7- 04 
30 
8- 02 145 
09 
16 
23 
30 
9- 06 
13 
20 
28 
10- 07 
11 
18 
25 
11- 01 
15 
24 
12-09 
20 
-cm - 
(83) (210) (84) 
87 79 
112 
132 
145 
160 
102 76 
106 
89 74 
82 85.5 70 
76 72.5 63.5 
84.5 76 
97.5 - 
96 
97 
112 
125 
142.5 - 
129.5 - 
149.5 - 
108 
123 
112 
130.5 - 
118.5 - 
130.5 - 
139 
111.5 - 
72.5 72.5 64 
88 81 
111 
132 
108.5 - 
102.5 
97 
125.5 - 
129.5 - 
92.5 
110 
122.5 - 
131.5 - 
149 
76.5 80 63.5 
81.5 79.5 71 
88 81.5 
100 
(242) (94) (210) 
84 76 
104 - 
124 - 
137 - 
149 - 
89 47 
96 72 
82 62 
77 57 
68 49 
80 69 
91.5 85 
88 76 
89 77 
104.5 - 
116 - 
132 - 
120.5 - 
140 - 
97 80 95.5 
114 - 109.5 
103.5 - 102.5 
123 - - 
112 - - 
122 - 112.5 
132.5 - 121 
107.5 - 110.5 
63.5 49 69.5 
83 77 96.5 
107.5 - 116 
127 - 127.5 
104 - 106 
97 88 100 
91 81 93 
119.5 - 116 
116 78 99.5 
85 66 81 
103.5 - 102.5 
115.5 - 107 
123 - 110 
139.5 - 120 
68.5 47 63.5 
72.5 62.5 79.5 
83.5 75 90 
94.5 88 96.5 
cont., next page 
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Table B-5 (cont.) 
Scituate wells _Ridgebury Wells_ 
Date lb 2b la lb 2a 2b 3a 3ab 4a 
(bottom) (212) (264) 
1-02-86 - - 
09 - - 
20 - - 
27 154.5 179.5 
2-10 - 235.5 
14 - 252.5 
24 - 230.5 
28 - 246.5 
3-13 - 245 
21 185.5 194.5 
28 - 223 
4-04 - 240.5 
11 - 253 
18 - - 
25 - - 
5-02 - - 
08 - - 
16 - - 
20 - - 
23 - - 
27 - - 
6-02 - - 
05 - - 
06 - - 
09 163 178.5 
10 159.5 178.5 
13 154.5 174 
16 174 189.5 
19 193 206.5 
23 - 230 
26 - 246 
7-02 - - 
03 - 261.5 
07 - - 
11 - - 
13 - - 
25 - - 
31 - - 
8-04 - - 
08 - - 
15 - - 
22 - - 
29 - - 
(83) (210) (84) (242) 
131 - 125.5 
- 117 - 110 
- 108.5 - 98 
37 48.5 29 39 
- 111.5 - 107.5 
- 119.5 - 115 
- 95.5 - 87.5 
- 111 - 106.5 
- 112.5 79.5 97 
- 89.5 80 81.5 
- 89.5 - 80.5 
- 110 - 104.5 
- 113 - 107 
- 129 - 123.5 
- 128.5 - 122 
- 141 - 134 
- 161 - 152.5 
- 175.5 - 166.5 
- 182 - 173.5 
- 184 - 175.5 
- 173.5 - 164.5 
- 184 - 175.5 
- 185.5 - 177 
42 64 33.5 60 
81 83 75 74.5 
- 90.5 - 89.5 
78 80.5 73.5 70.5 
- 98.5 - 91.5 
- 107 - 100.5 
- 113.5 - 106 
- 125 - 118.5 
80.5 119 - 113.5 
- 106 - 95 
- 128 - 118.5 
- 150.5 - 140 
- 155 - 143.5 
- 182 - 169.5 
- 172.5 - 159 
- 160.5 - 147 
- 170 - 157 
- 192 - 180 
- 202 - 190 
- 206.5 - 200 
(94) (147) (55) (210) 
- 120.5 
• 106.5 
60.5 84.5 
5 32.5 
89.5 111.5 
91.5 114 
59 - 
78 102 
58.5 80 
51 80 
82.5 103.5 
86 104 
- 115 
- 110.5 
- 118 
- 128 
- 136.5 
- 141 
- 139.5 
- 127.5 
- 136 
- 139 
10 38 
51 77.5 
68 87.5 
53 72.5 
80 95.5 
- 104 
- 108.5 
- 116.5 
37.5 104.5 
60.5 94.5 
- 111.5 
- 125 
- 127.5 
- 142 
- 121 
- 112.5 
135.5 - 124 
- - 143 
- - 150.5 
- - 159 
cont., next page 
120 
Table B-5 (cont.) 
Scituate welIs 
Date lb 2b la lb 
Ridgebury Wells 
2a 2b 3a 3ab 4a 4b 
(bottom) (212) (264) 
9-05 - - 
12 - - 
19 - - 
26 - - 
10-03 - - 
10 - - 
17 - - 
11-01 - - 
13 - - 
21 - - 
12-05 - 245.5 
19 - 250 
1-05-87 - 243 
on 
(83) (210) (84) (242) 
— _ 205.5 
• - - 210.5 
- - - 217 
— - - 221.5 
- - - 225 
- - - 226 
- - - 225.5 
- - - 226 
- - - 189.5 
79 139.5 75 118.5 
- 92.5 78 80 
37 65 24 54 
- 103 - 93.5 
(94) (147) (55) (210) 
163 
- - - 167.5 
— - - 171.5 
- - - 173 
- - - 177 
- - - 168 
- - - 167 
- - - 162.5 
- 120.5 - 119.5 
20 31 16 52 
57 49 44 76.5 
7.5 8 4 27.5 
75.5 72 - 91.5 
toash = well is dry and blank = well not yet installed or monitored. 
+Well 4b is situated approximately 21 m NNE of other Ridgebury wells. 
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Table B-6 . Field soi1-moisture tension data. 
Canton Scituate Ridgebury 
Date Bwl Bw2 2BC Bwl Bw2 2CB 2Crl 2Cr2 Bwl Bw2 2Bxl pfm+ 2Bx2 
FFa" 
(Depth, cm) (32) (51) (68) (36) (56) (80) (96) • (117) (29) (46) (67) (91) (115) 
5-28-86 10.4 8.0** 6.2 2.2 1.4 
6-01 8.0 7.2 7.4 5.5' 2.6 
02 9.1 7.9 5.9 1.3 1.9 
04 11.9 9.9 9.3 15.4 13.5' 12.7' 12.8' 9.4 11.8 10.3 6.9 2.0* 1.9 
06 5.3 4.2 3.0 5.4 4.4 2.7' 2.1 4.3 1.5 0.5 -2.0 -4.8 -6.0 
10 11.4 8.2 6.7 9.6 7.0 5.2 3.7 2.0 5.3* 3.5* 1.6* -2.0 -3.2 
12 8.0 6.4 5.5 8.5 6.8 4.8 3.8 1.8 4.1 2.6 0.9 -2.6 -3.9 
16 11.0 9.2 7.8 11.1 8.8 6.7 5.4 3.4 6.3 4.5 2.7 -0.7 -2.9* 
19 12.1 9.5 8.7 12.1 10.0 7.6 6.2 4.0 7.2 5.5 3.6 -0.2 -1.2 
23 12.9 10.6 9.1 12.9 10.6 8.5 7.2 5.1 7.8 5.8 4.0 -0.1 -1.5 
26 14.1 11.8 10.3 14.8 12.4 10.0 8.5 6.5 9.1 7.1 5.2 0.9 -0.1 
7-02 4.8* 5.6 10.5* 6.5 9.9**12.6 11.8 9.9 3.7 3.1 3.2* -0.4** -1.8* 
03 7.8 5.9 5.1 8.6 7.5 6.7* 7.4 5.2 4.3 3.7 2.0 -1.4 -2.5 
07 11.7 9.1 7.8 12.8 10.9 8.8 7.5 5.6 7.8 6.2 4.3 0.5 -0.6 
11 15.2 12.4 10.7 17.9* 14.1 12.6 10.6 9.4 10.8 9.2 6.7 3.0 1.8 
13 - - - - - - - - 6.4 5.9 4.6 1.6 0.6 
25 18.7 15.0 13.3 23.0 19.0' 16.9 14.4 13.8 14.3 11.9 9.8 5.7 3.9 
31 8.2 6.3 5.4 10.6 10.5' 10.0 10.7 8.4 6.9 5.3 3.6 0.5 0.0 
8-04 9.1 7.1 6.2 11.0 10.0' 8.8 7.9 6.7 7.1 4.8* 3.7 0.8 0.3 
08 11.6 9.7 8.5 15.2 13.3' 11.6 9.7 8.5 9.4 7.3* 5.6 2.6 1.3 
15 16.7 14.1 12.0 21.9 18.5' 16.8 14.9 13.7 14.0 11.7 9.7 5.7 3.2* 
22 16.6 14.3 13.0 21.8 20.1' 19.0 17.1 16.2 13.8 12.0 10.1 6.7 4.5 
29 19.8 16.3 15.1 26.4* 23.7' 22.4** 19.9 20.0 15.8 13.6* 11.5 8.0 6.1 
9-05 25.7 21.6 18.0 31.7 27.4' 25.7** 22.3 23.3 18.6 16.4 13.7 9.8 7.4 
12 27.1 22.3 18.4 31.9* 28.1' 28.3** 24.4* 27.0 18.8 16.5 14.0 10.4 7.9 
19 25.6 21.4 19.0' 29.6* 27.0' 31.6** 27.2* 31.5* 18.0 16.4* 13.8 11.1 8.8 
26 22.4 19.0 17.1’ 27.0 24.9' 31.7** 27.5* 32.5* 16.1 14.9* 12.0 10.5 8.7 
10-03 29.8 25.1 21.2' 35.3 31.5' 33.9** 29.0 34.3* 18.9 17.6* 15.1 12.3 9.5 
10 15.6* 13.5 13.0' 19.8 17.6' 21.9** 19.4* 23.8* 12.4* 10.5** ’ 8.4 5.8 4.9 
17 16.0 13.7 12.9' 20.4 18.7' 21.6** 19.5 21.5 12.7* 11.1* 8.9 6.5 5.4 
11-01 15.5* 12.6' - 17.7 16.5' 18.8* 18.1 17.6 11.9* 10.1* 8.0 5.4 4.3 
13 7.9* 6.7 6.2 9.3 9.0' 8.8 6.8 5.8 6.6 4.0* 2.2* -1.3** -1.0 
21 5.0 3.9 3.3 5.7 4.8* 5.6** 6.3 6.4 2.2 1.4* -0.2 -3.2 -4.3 
12-05 8.2 6.5 5.3 8.4 6.4' 4.8 3.5 2.1 4.1 2.3* 0.8 -2.4 -3.5 
19 4.1 3.6 2.9 4.8 4.0' 3.3 2.7* 2.7 -0.9 -2.3 -3.4 -7.1 -8.0 
1-05-87 10.9 9.3 8.1 11.0 8.7' 6.2 5.7 5.1 5.2 3.5* 1.5 -1.3 -2.7 
^Legend: blank = tensiometers not yet installed, dash = no 
apostrophe = reading from only one tensiometer, * 
tensiometer pair differed by +2.0-3.5 kPa or by > 
Ipfm = prism-face material (see Appendix A). 
reading taken, 
= readings between 
+3.5 kPa (**). 
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Table B-8. Change in soil-water dissolved oxygen (DO) content and 
temperature (T) with the number of well volumes pumped."^ 
Ridgebury wells 
lb 2b 4b 
Recovery Before 1st 2nd Before 1st 2nd Before 1st 2nd 
Date Meas. 
5-02-86 DO 6.7 9.3 9.4 7.6 9.3 NR 2.7 4.4 5.0 
T 7.5 7.3 6.9 6.7 6.7 NR 6.8 6.9 6.9 
08 DO 8.0 9.6 NR 7.3 8.3 NR 4.2 3.9 4.5 
T 7.7 7.8 NR 7.2 7.2 NR 7.3 7.3 7.3 
16 DO - - - 7.2 9.2 NR 4.8 3.6 NR 
T - - - 7.6 7.8 NR 8.2 8.1 NR 
20 DO - - - 7.7 8.6 8.6 4.5 3.3 4.3 
T - - - 7.9 8.2 7.9 8.3 8.2 8.4 
23 DO - - - 7.5 8.9 NR 4.9 3.6 NR 
T - - - 8.2 8.4 NR 8.7 8.8 NR 
27 DO - - - 7.5 8.7 8.6 4.8 4.0 4.7 
T - - - 8.7 8.9 8.7 9.2 9.2 9.1 
6-02 DO - - - 6.6 8.4 8.6 4.4 3.3 3.9 
T - - - 9.1 9.2 9.1 9.8 9.7 9.7 
05 DO - - - 7.4 8.5 8.5 4.3 3.2 3.8 
T - - - 9.7 9.9 9.8 10.1 10.1 10.0 
09 DO 9.1 8.7 8.5 6.5 8.5 8.5 5.3 5.4 5.6 
T 10.4 10.5 10.4 10.1 10.1 10.1 10.5 10.8 10.6 
Ridgebury well Scituate Wei 1 s 
3a lb 2b 
Recovery Before 1st 2nd Before 1st 2nd Before 1st 2nd 
Date Meas. 
6-09-86 DO 5.1 8.9 - 10.3 10.7 10.7 10.2 10.3 - 
T 13.3 13.3 10.6 10.3 10.3 11.0 10.8 “ 
^D0 measured in mg I-* and T in °C. Missing values: NR = not recorded 
(recovery too slow) and dash = water table < 20 cm above well bottom. 
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